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PREFACE 
This i s  t h e  t h i r d  volume of a f i n a l  r epor t  documenting 
t h e  development of a computer program (NATA) f o r  ca lcula t -  
ing t h e  flow i n  arc-heated wind tunnels  and the  condi t ions 
on models t e s t e d  i n  such reen t ry  simulation f a c i l i t i e s .  
Volume I of t h e  r epor t  provides a general  summary of t h e  
code's c a p a b i l i t i e s  and presents  t h e  theory and ana lys i s  
underlying i t s  operation. Volume 11 i s  a u s e r ' s  manual 
which def ines  NATA's inputs ,  outputs ,  and precoded d a t a  on 
standard gas models and nozzle geometries. The p resen t  vol- 
ume i s  a programmer's manual f o r  NATA. It documents t h e  
programming of NATA ic s u f f i c i e n t  d e t a i l  t o  support  code 
modifications,  and provides information needed f o r  running 
t h e  code on t h e  UNIVAC 1108 under the EXEC I1 sy: tern, o r  
on t h e  IBX 360/75 under HASP 11. 
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THE NATA CODE - PROGRAESMEFt ' S MANUAL 
By W. L. Bade and J. M. Yos 
Avco Systems Divis ion,  
Wilmington, fihssachusetts 
The NATA code i s  a computer program f o r  solving problems 
of steady, quasi-one-dimensional gas  flow i n  nozzles. The 
code's c a p a b i l i t i e s ,  and t h e  theory and ana lys i s  underlying 
its operation, have been%documented i n  the f i r s t  volume of  
t h i s  r epor t  ( r e f .  1) .  .The inputs ,  outputs,  and precoded 
data on standard gas models an6 nozzle geometries have been 
defined i n  the second volumz ( re f .  2). The present ,  tk i rd  
volume provides inzormation required fcr running NATA on 
UNIVAC 1108 and IBM 360 c~mpute r s ,  and documents t h e  pro- 
graming- of NATA s o  that programmers and computer-oriented 
users  w i l l  be  able t o  evaluate the techniques used, maintain 
the code i n  t h e  face  of  operating-system changes, convert  it 
f o r  use on o the r  types of computer, introduce modifications 
and c o r r e c t  e r ro r s .  
Section 2 provides a genera l  descr ip t ion  of  NATA, includ- 
ing  a catalog of i t s  subroct ines  with a statement of funct ion 
and a list oE c a l l i n g  rout ines  f o r  each. This sec t ion  a l s o  
g ives  sample control-card decks f o r  running the code on the 
UNNAC 1108 under t h e  YPXEC I1 system, and on the  IBM 360/75 
under WISP I1 and CS 21, 
Sect ion 3 d iscusses  each subroutine, explaining i ts  pur- 
pose i n  t h e  code and i ts method o f  operation. Many s p e c i a l  
a l g o r i L h s  a r e  analyzed. Where appropriate ,  f lowcharts are 
use6 t o  d isp lay  t h e  log ic  and c l a r i f y  t h e  methods used. The 
Fortran var iables  s tored  i n  commm blocks and used i n  t h e  indi-  
v idua l  r cu t ines  a r e  a l l  defined i n  a glossary G£ synhols (Sec- 
t i o n  4). Section 5 lists the  subroutines i n  which each com- 
mon var iable  i s  s e t ,  used, o r  referenced as a subroutine argu- 
ment. F ina l ly ,  a complete l i s t i n g  of t h e  source program is 
given i n  Section 6, 
A n  appendix provides similar documentation of  the NOZFIT 
code, a much smaller program provided for sett ing up nozzle 
prof i l e  curvefits  for use i n  NATA, A user's  manual for NOZ- 
FIT is  included i n  Volurr~e I1 (ref .  2 ) .  The appendix includes 
documentation of a general-purpose plott ing subroutine (GRVH) 
for producing p lo t s  on .S-C 4020, S-C 4060, or other plott ing 
equipment using the NAA software package for the SC-4020 (ref .  
3) 
2, STRUCTURE AND OPEXIATION 
2.1 B r i e f  D e s c r i ~ t i o n  o f  t h e  NATA Code 
NATA is  a F 0 r t r a n . W  progkam cons is t ing  of a main pro- 
gram, two block d a t a  rout ines ,  and 66 subroutines,  The source 
deck contains  approximately 8500 cards. The program e x i s t s  
-. . i n  two versions,  one f o r  use on the IBM 360 system, t h e  o ther  
f o r  t h e  UNIVAC 1108. The IbM vers ion  is e n t i r e l y  i n  double 
prec is ion ,  whereas the UNIVAC version is a s i n q l e  p rec i s ion  
program w i t h  some double prec is ion  a r rays  and subroutines,  
One version can be converted i n t o  the other  by i n s e r t i n g  o r  
removing most of t h e  IMPLICIT REAL*8 (A-H, 8-2) cards  which 
type a l l  f loat ing-point  va r i ab les  as double prec is ion  i n  the 
I B M  360 version.' 
The I B M  360 version requi res  about 410K bytes of core 
s torage,  including buffers .  The C ? V A C  version i s  run on t h e  
1108 using overlay,  and requ i res  about 1230008 o r  4250010 
words of storage.  It f i t s  i n t o  t h e  two-bank processors a t  
NASA/JSC w i t h  about 2000 words t o  spare. 
2.2 Subroutines and Linkaqe 
A list of t h e  rou t ines  of NATA is  presented below. Names 
of en t ry  po in t s  are included, and are enclosed i n  parentheses 
t o  d i s t ingu i sh  them from subroutine and funct ion names. The 
funct ion performed by each rout ine  o r  en t ry  p o i n t  is  described 
b r i e f l y ,  and i n  each case a conplete  l i s t  of c a l l i n g  rou t ines  
i s  included. The order  of the  l is t  i s  as f o l l o ~ i s :  main pro- 
gram; block da ta  rout ines ;  subroutines, funct ions,  and e n t r y  
po in t s  i n  alphanumeric order. 
*Also, the IBM version contains  two e x t r a  subroutines,  EXP 
and RESET, f o r  reasons explained below. 
MAIN 
BLKDl 
Main program; c a l l s  other routines t o  perform 
the required calculations, 
BL#CK DATA routine containing precoded data on 
elements, species, reactions, gas models, and 
nozzle geometr5 s, 
B W K  DIYllA routine containing precoded data on 
transport-property cross sections. 
Calculates t.he effective area r a t i o  A, and i ts 
derivative d A d d x  from data or, nozzle geometry 
arid the boundary layer displacement thickness,* 
Called by GEjZJbI, 
Calculates the geometric area r a t i o  and the 
ax ia l  coordinate x from data on the e "s fective 
area r a t i o  Ae and the boundary layer displace- 
ment thickness. Called by FRjZJZEK, EQUIL, and 
AXFIT, 
Calculates the ax ia l  coordinate x corresponding 
' t o  a given value aE the effective area r a t i o  A, 
i n  the nomquilibrium solution bl- the perturba- 
t ion method. Called by N~NEQ, 
For a given list of species pairs ,  adds those 
pa i rs  whose cross sections have not previously 
been specified t o  a par t icular  s tep of the trans- 
por t  cross section calculation. Called by XSECT, 
BUYER Calculates. boundary layer momentum and displace- 
ment thicknesses, heat flux, and shear stress.  
Called by F R ~ Z E N ,  EQUIL, and BICAU.  
BICALL Sets up and executes c a l l s  t o  BLAYER i n  the non- 
equilibrium solution. Called by DERIVS and PRTA, 
*Thxoughout t h i s  report, the mathematical notation i s  a s  de- 
fined i n  Volume I (ref. 1) . 
BXSECT Searches a parameter array fo r  references t o  
the indices of species pa i rs  used i n  the cross 
section calculation; a l so  determines the corres- 
pondence between ent r ies  i n  the parameter array 
and the steps i n  the cross section calculation. 
Called by XSECT, 
Computes the species production terms P i X i  i n  
the nonequilibrium solution; i n  runs with an 
electronic nonequilibri um gas model, a l so  com- 
putes the radiative loss  and the energy trans- 
f e r  t o  t h e  electron gas, Called by DERNS, 
Determines the corresp~ndence between species 
pa i rs  i n  the master l is t  of species and those 
i n  the species list for the current case, Called 
by XSECT, 
Organizes the calculations of r a t e s  of change of 
the species concentrations and other flow vari- 
ables i n  the nonequilibrium solution, Called . 
by ~TjZhTEQ and RNKT, 
Performs simultaneous solution of a system of 
l inear,  inhomogeneous equations by cal l ing sub- 
routine SIEIQ. Called by EQCAIC, EXACT, NEWRAP, 
NfiNEQ, and PERT, 
Prints  :lame of routine i n  which an e r ror  has been 
des \.cted and s e t s  an error  indicator t o  terminate 
+he case, Called by AGS~LN,  DsMs~L, EQCAIC, FINDX, 
GEPJM, GE~JMAR, MATINV, NEWRAP, NWQ, PR@, RESTMP, 
and WEDGE. 
Pr ints  a large diagnostic dump of common data 
when a case i s  terminated by a c a l l  t o  DUMP be- 
caiv.se of an error. Called by MAIN. 
Computes the e l e c t r i c a l  conductivity of the gas 
mixture. Called by TRAKSP. 
E L T m  Prints  elapsed time since the beginning of the 
run and t i m e  since tne l a s t  previous time mes- 
srge. Called by MAIN and d E L ,  
EPART Computes parameters for  radiative energy loss 
and energy transfer t o  the electrons f o r ' a  
specified reaction, Called by C@IM. 
EQCAIC Computes mole fractions and thermodynamic con- 
di t ions  for  thermochemical equilibrium a t  spec- 
i f i e d  temperature and pressure, Called by IkTTA 
and M~IDEL. 
(EQUIL) Entry point i n  subroutine FRgZEQ; organizes the 
calculation of the equilibrium flow solution, 




Computes the derivativss of the  species concen- 
t ra t ions  and other flow variables in the non- 
equilibrium solution. Called by DERIVS. 
In  the  IE3M 36C version, the double precision 
exponential function ex with underflow suppres- 
sion; included to  avoid mderflow messages. Not 
used i n  UNIVAC version, ' Called by BLAYER, CfiMM, 
EQCAIC, m a ,  ~ U T I ,  P R ~ P ,  RNIQ, THERM, and 
WDGE . 
FINDX Solves for  the  ax ia l  coordinate x corresponding 
to a given geometric area r a t i o  Ag i n  *e up- 
stream or downstream region, Called by AGSgLN, 
AXFIT,' FRgZEQ, MAIN, and NEXTMP, 
Entry point i n  subroutine FINDX; solves for the 
ax ia l  coordinate x corresponding t o  a given half  
width of one of the prof i les  i n  a channel, Called 
by NEXTMP. 
( F R ~ E N )  Entry point i n  subroutine F R ~ E Q ;  organizes the . 
calculation of the frozen flow solution, Called 
b y  
Organizes the  frozen and equilibrium flow sol- 
utions, The subroutine name is  not  referenced 
i n  NATA; cal led  only through the  en t ry  points  
EQUIL and FRflEN. 
am Organizes the  geometry calculat ions fo r  the non- 
cyuilibrium solution. In the  d i r e c t  integra- 
t i on ,  it computes A, and d 4 n AJdx; i n  the  in- 
verse method, it computes P and dlnp/dx.  
Called by CgJIM, 
Computes the  geometric area r a t i o  Ag and i t s  
der ivat ive  d %/dx a t  a given a x i a l  coordinate 
x. Called by A G S ~ ~ ,  BLAYER, FINDX, GEPM, m1, 
and THR@P.T. 
Entry point  of subroutine GE@MAR; computes the  
p r o f i l e  ordinate y a t  a specif ied a x i a l  coordi- 
nate  x. Called by C@fM, @ U T l ,  and RADIUS, 
Entry point  of subroutine GEpIMAR; computes the  
p r o f i l e  ordinates y, z a t  a specif ied a x i a l  co- 
ordinate x i n  a channel. Called by AGS~LN,  CjZMM, 
m1, and RADIUS, 
Entry point  of subroutine GEgMAR; computes the  
p r o f i l e  ordinates,  y, z and t h e i r  derivat ives 
dy/dx, dz/dx a t  a specif ied a x i a l  coordinate x 
i n  a channel. Called by AESpILN, BLAYER, and 
FIM>X, 
Sets  up arrays  used i n  the  chemical descript ion 
of the  gas mixt:ure. Called by MAIN. 
I n i t i a l i z e s  same control  parameters and nondim- 
ensionalizes the species thennochemical da ta  
using the reservoir  temperature, Called by 




Entry point  of subroutine INGAS; organizes the  
calculat ion of equilibrium conditions i n  the up- 
stream reservoir  fo r  given reservoir  temperature 
and pressure, Called by MAIN and RESTMP. 
Calculates, quan t i t i e s  proportional tn the  vis-  
cos i ty  and t r ans l a t i ona l  thermal conductivity of 
t he  gas mixture, Called by TRANSP. 
Computes quan t i t i es  used i n  the  t ranspor t  prop- 
e r t y  calculations, Called by TRANSP, 
P r i n t s  the  "problem summary" port ion of the  out- 
pu t  fo r  each case. Called by MAIN, 
Computes the  inverse Aki of the  matrix a.  . 
specifying the e l e m n t a l  coinposition of t&! 
independent species. Called by INGAS, 
Computes stagnation donditions on models in- 
ser ted  i n t o  the  flow. Called by PR@ZEQ, NfdNEQ, 
and PRTA, 
Computes the  equilibrium flow conditions a t  
specif ied temperature and entropy. Called by 
FRgZEQ, MAIN, N W Q ,  and NRMAX. 
Determinesthe a x i a l  coordinate of t he  next loca- 
t i o n  a t  which model condition calculat ions a re  
t o  be done, Called by FRj8ZEQ and N W Q ,  
Organizes the  nonequilibrium flow solution. 
Called by ,XAIN, 
Calculates the  temperature and other  conditions 
a t  the  sonic point  i n  an equilibrium flow s t a r t -  
i n g  a t  specif ied upstream reservoir  conditions, 
Called by M A I N  and RESTMP. 
P r in t s  a l is t  of def in i t ions  of output variables,  




P r i n t s  conditions i n  the  upstream reservoir  and 
at the sonic points  of tk frozen and equilibrium 
solutions. Called by MAIN. 
Entry point  of subroutine guT1; p r i n t s  the  condi- 
t ions  a t  each point  i n  the  flow solutions.' Called 
by FRgZEQ and PRTA. 
Computes the  perturbat ions i n  the  flow variables 
during the  nanequilibrium solut ion by the  pertur- 
bat ion method. Called by N W Q .  
PI$MEG Computes the Maxwell-averaged electron-neutral 
momentum t rans fe r  cross  sect ion fo r  given electron 
temperature Te, Called by C@V!, 
PR$P 
PRTA 
Computes the  conditions a t  a point  i n  .,e frozen 
flow solution, Called by FRBEQ. 
Organizes the  output of conditions a t  each point  
i n  the  nonequilibrium flow solution, Called by 
NIbNEQ. 
PUTQm Organizes the  calculat ions of the  cross sect ions 
used i n  computing the  t ranspor t  propert ies ,  Called 
by TRANSP, 
QCPhTL Computes the  fac tor  0.8 Q, i n  the Coulonb cross 
sect ion for  use i n  t he  tmnspor t  property calcu- 
lat ions.  Called by PUTQXN, 
QEX Computes the  cross sect ions fo r  exchange in ter-  
action. Called by PUTQIN. 
QEXP Computes the  cross sect ions fo r  the  exponential 
po ten t ia l  6 = A~-=/P . Called by PUTQIN. 
QINTW Interpola tes  tabular  data  i n  cross sect ion calcu- 
lat ions.  Called by QEXP, QLJ, and QTAB. 
Qw Computes the  cross sect ions fo r  the  Lennard-Jones 
(6-12) potential .  Called by PUTQIN, 
QMIX Computes t r anspor t  c ross  sec t ions  from t h e  mixing 
ru le ,  equation I(102) .* Called by PUMIN. 
QREPP Computes the  cross  sec t ions  f o r  an a t t r a c t i v e  o r  
repuls ive power law p o t e n t i a l  fi = Ar-3 . Called 
by PUTQIN. 
QSAME Se t s  t h e  c ross  sec t ions  f o r  a spec ies  p a i r  equal  
t o  a constant  mul t ip le  of those computed previ- 
ously f o r  another p a i r ,  Called by PUTQIN. 
QTAB Computes t h e  t r anspor t  cross_ s e c t i o n s  b l i n e a r  
in te rpo la t ion  i n  t a b l e s  of fl (l. l), n ( Y t 2 ) ,  and 
B* versus temperatur?. Called by PUTQIN. 
011 Computes t h e  t r anspor t  c ross  sec t ions  using t h e  
f a i r i n g  option, equations 1(107) and 1(108) . 
Called by PUTQIN. 
Q 1 2  Computes t h e  cross  sec t ions  by the  general ized 
mixing r u l e ,  equation I(109). Called by PUTQIN, 
1 
I Q 13 Se t s  one 0.f t h e  cross  sec t ions  f o r  a given spec- 
ies p a i r  equal  t o  a constant  t i m e s  another c ross  
sec t ion  f o r  t h e  same pa i r .  Called by PUTQIN. 
014 Recomputes t h e  c ross  sec t ions  f o r  a spec ies  p a i r  
using equations I(112). Called by PUTQIN and 
011. 
RADIUS Computes. the  p r o f i l e  ordinate ,  the  geometric a rea  
r a t i o ,  and another quan t i ty  required i n  the  cal-  
cu la t ion  of t h e  boundary layer  at t h e  f i r s t  po in t  
i n  t h e  flow solu t ion ,  Called by BUYER,  









Reads the input  da ta  f o r  each case and sets up 
a r rays  def in ing  t h e  flow geometry and gas model, 
Called by MAIN, 
I n  t h e  IBM 360 version, simulates a UNIVAC 1108 
l i b r a r y  rout ine  f o r  s to r ing  t h e  t i m e  a t  t h e  start 
of a run, Called by ELTIME. 
Computes t h e  equilibrium condit ions i n  t h e  up- 
stream rese rvo i r  based on dressure  and mass 
flow o r  m a s s  flow and s tagnat ion enthalpy data.  
Called by MAIN. 
Computes the  changes i n  t h e  species  concentra- 
t i o n s  and o the r  flow var i ab les  over a s t e p  i n  the  
nonequi l ibrium in tegra t ion .  Called by NflNEQ. 
Computes t h e  pressure r a t i o  f o r  an oblique shock 
i n  a p e r f e c t  gas. Called by WEDGE, 
Solves systems of l i n e a r  inhomogeneous equations, 
Called by DSMSjdL and RESTMP, 
P r i n t s  a n . e d i t  of species  thermal propert ies .  
Called by MAIN, 
Entry poin t  i n  subroutj.ne STUNTS; p r i n t s  e d i t s  
of t h e  s t e p s  i n  t h e  t r anspor t  c ross  sec t ion  cal-  
cu la t ion ,  Called by MAIN. 
Computes t h e  spec ies  thermal p roper t i e s  a t  a spec- 
i f i e d  temperature. Called by DERIVS, EQCAIC, 
FRflZEQ, MjdDEL, N E W ,  and STUNTS. 
Entry po in t  i n  subroutine THERM; computes only 
t h e  spec ies  s p e c i f i c  hea t s  a t  a spec i f ied  tem- 
perature.  Called by MAIN, jdUT1, and TRANSP, 
Implements t h e  switch from the  upstream solu t ion  
by t h e  inverse  method t o  t h e  downstream d i r e c t  
in tegra t ion .  Called by NgNEQ. 
(TIME) Entry po in t  i n  subroutine RESET ( ISM 360 version 
only);  simulates a l i b r a r y  timing rout ine  avai l -  
able on t h e  UNIVAC 1108. Called by ELTIME. 
TRANSP Organizes t h e  t r anspor t  property ca lcula t ions ,  
Called by BLAYER, FRfiZEQ, 'MAIN, M@DEL, fiUT1, 
WEDGE, and STUNT2. 
(TRANSX) Entry po in t  i n  subroutine TRANSP; s e t s  up a r rays  
used f n t h e  t r anspor t  property ca lcula t ions .  
Called by MAIN. 
WEDGE Computes and p r i n t s  the condit ions on t h e  sur face  
of a b l u n t  wedge model inse r t ed  i n t o  t h e  flow, 
c a l l e d  by WDEL. 
WESfiIa Calculates  t h e  q u a n t i t i e s  z ,  zza , and (zza ) , 
based on the  approximate so lu t ion  I(484) of 
the wedge equation, f o r  given values of Q and 
r . Called by WEDGE. 
XSECT S e t s  a r rays  required f o r  applying t h e  precoded 
c ross  sec t ion  d a t a  t o  t h e  species  present  i n  
the current  gas  model and .sets up t h e  edi ted  
c ross  sec t ion  ca lcula t icn .  Called by TRANSX. 
2.3 U N I V A C ' ~ ~ ~ ~  Version 
The UNIVAC version of NATA has  been set up t o  run on 
t h e  1108 processors. a t  NASA/JSC under the  EXEC I1 operat ing 
system. This -dersion i s  a s ing le  prec is ion  program i n  which 
sonle a r rays  z.nd t h r e e  subroutines ( S H K K ,  SIMQ-, and WESfiW) 
are typed ds double prec is ion  t o  maintain adequate accuracy, 
These t h r e e  rout ines  a l l  perform operat ions which, under some 
conditions,  can lead t o  l o s s  of many s i g n i f i c a n t  d i g i t s  be- 
cause of cancel la t ion  of terms. The typing of these  rout ines  
as dcuble prec is ion  is  accomplished by re t a in ing  the  IMPLICIT 
REAL*8 (A-h, fi-Z) s tatements from t h e  IBM 360 version. The 
UNIVAC Fortran V.cornpiler i n t e r p r e t s  these  statements cor- 
r e c t l y ,  a fea ture  included b; Sperry Rand i n  t h e  i n t e r e s t  of 
compatibi l i ty  with IBM 360 Fortran IV.  
NATA i s  t o o  la rge  t o  be run on t h e  1108 without use of 
overlay. Figure 1 shows the  overlay s t r u c t u r e  employed. 
The overlay is implemented by means of t h e  EXEC I1 Memory 
Allocation  roca ass or ( re f .  4) .  I n  f igure  1, the  names en- 
closed i n  boxes represent  t h e  rout ines  of NATA l i s t e d  i n  
Section 2.2. Each box represents  a segment o r  subseg-nwlt 
with t h e  associated name (S.---) given i n  parentheses. The 
l e v e l  0 segment S.MAIN is  permanently i n  core. The various 
l e v e l  1 segments overlay one another. I n  a t y p i c a l  NATA 
case, the loading sequence f o r  t h e  l e v e l  1 segmects i~ a s  
follows: 
S READ Read inpa t  da ta ,  set up qas model, etc. 
S,LIST P r i n t  problem summary, . 
Compute r e se rvo i r  conditions,  e tc .  
S .XSEC Se t  up t r anspor t  c ross  sec t ion  ca lcu la t ion  f o r  
cu r ren t  gas  model. 
S.@UT P r i n t  d e f i n i t i o n s  of output labels. 
S . FRgZ 'Calculate  equilibrium solu t ion  t o  th roa t ,  t o  
obtain displacement thickness  a t  throa t .  
S . INIT. Recalculate r e se rvo i r  condi t ions correc* d f o r  
displacement thickness  a t  throat .  
S , FR@Z Calculate  frozen so lu t ion;  c a l c u l a t e  equilibrium 
solu t ion .  
S ,N@ Calcul~1- .  xonequilibrium solut ion.  , 
In  t h e  nonequilibrium solu t ion ,  t h e  subsegment S.N2 i s  loaded 
f i r s t  f o r  use i n  t h e  i n i t i a l  so lu t ion  by the per turba t ion  
method. When t h e  nonequilibrium in tegra t ion  is  s t a r t e d ,  t h e  
in tegra t ion  routine RNKT i s  loaded, overlaying S.N2. 
Control cards f o r  using 1?ATA on t h e  UNIVAC 1108 pro- 
cessors  a t  NASA/JSC a r e  shown i n  f igures  2 and 3, Fiycra 2 
Level  0 
- Level  1 
1 
Level 2 
(S  .MAIN) 
MAIN E L C ~ N D  
BLKDl KANDMU 
BLKDZ @ U T ~  
NRMAX MjdDEL 
TR% s P BLAYER 
K I N T  WEDGE 
Qll GE-R 
Q 1 2  RADIUS 
Q13 SHji?kK 
Q 1 4  DUMP 
PUTQIN l l iERM 
~ c p l u ~  WESPLN 
QEXP NEXTMP 
c?Ex F I N D X  
Q I H T R P  AGSgLN 
QLJ NEWRAP 
QMIX DSMSjdL 
QREPP S 1i.IQ 
Q S m  EQCALC 
QTAB ELTIME 
-L , 
Figure  1. O v e r l a y  
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Z R U N  ~ 0 3 2 0 o o o o o  
N q S G  F 1LE R E 0 0  TAPE 01  FH432 0 F S T R N  00 
. I i C-OUT 
~ u R  MA I Ns MA I N  
FOR SUt3mSUB 
MAP N A T A I Y A T A  
S 00 SEG S o M A I N ~ * ~ S o R E A D o S o ~ N I T ~ S ~ X S E C s S o F R O Z ~ S o N G N E s S o O U T s S o L I S T o  
SoSTUN.SoDUMP) 
S O M A I N  SEG M A I N - B L K D I - B L K D 2 - N R M A X ~ T R A N S P ~ K I ~ J T ~ ~ O 1 1 ~ O 1 2 ~ Q l 3 ~ O l 4 ~ P U T Q I N ~  
QCOU,-OFXP-OEX-Q I N T R P - O L  J-OM I X -0REF1P-Q SAME-QTAB-FLCOND-KANDMU- 
OUTI-IJOOEL-FILAYER-YEDGE-GEOMAR-RADt'JS-SHOCK-I)UMP-THERM-WESCLN- 
NEXTYP-F  INDX-A '  .OLN-NEWRAP-DSM S O L - S I  PQ-EOC C1l.C-ELTI ME . 
S o R E A D  SEG READ 
S o C I S T  SEG L I S T  
S o S N N  SEG STUNTS 
. -! 
S e D U Y P  S E G  OUMPEX 
S O  I N I T  SEG I N I T - R E S T M P - I N G A S - M A T W  
S o X S F C  SEG XSECT-AXSECT-OXSECT-C.XSFCT 
S o F R O Z  SEG FROZEQ-PROP 
SoNONE SEG NONEQ-PRT A-BLCAiL-THF:OAT-EXACT-EPART-OER I V S - P I  OMEG-GEOM-AESOLN- 
COMM-*( RNKT l S o N 2  1 
S o N 2  SEG A X F I T - P E R T  , 
SOOUT SEG OUT 
XQT CUR 
TRW C 
' IT  C i l F  
R E L  C 
Figure 2 ,  Control cards for Generating a KATA PCF 
Tape on the UNNAC 1108 
Z RUN N0323.0.00 SCOTT/  
N MSG F I L E  R E 3 0  TAPE 01  FH432 0 F S T R N  00 
ASG A="Q 1 2 34 
XOT CUR 
TRU A 
I N  A 
R E L  A 
X Q f  N A T  A 
Figure 3. Control Cards for Running NATA on the 
UNIVAC 1108 
i l l u s t r a t e s  a c o n t r o l  card deck f o r  generating a NATA PCF 
tape. The f irst  card is a schematic run card. The deck 
is set' up t o  compile MAIN and a submut ine  "SUB" ; t h e  x u r c e  
decks are assumed t o  be inse r t ed  following t h e  "Fj8R" cards,  
me I I R ~ I I  , I I ~ G I I  , I I ~ G I I  , I I F ~ R I I  , I IWII  , IIXQTII , IITRWI , II@JTII , 
"TEF" , and "REL" cards  a l l  have a 7-8 punch i n  column 1 which 
was  n o t  reproduced by t h e  equipment used t o  p r i n t  this l i s t i n g .  
Figure 3 shows t h e  c o n t r o l  cards  f o r  a NATA run from an 
e x i s t i n g  PCF. The "V01234" following the equals  s ign  on the 
ASG card i s  a representa t ive  reel number f o r  the  PCF tape, 
The "XQT NATA" card should b e  followed by t h e  inpu t  d a t a  f o r  
t h e  case, which are descr ibed  i n  Section 2 of Volume I1 
( r e f ,  2). 
The c o n t r o l  cards rcquired f o r  use of  NATA a t  o the r  
UNIVAC 1108 i n s t a l l a t i o n s  may d i f f e r  i n  some respec t s  from 
those i l l u s t r a t e d  in  f i g u r e s  2 and 3, 
2.4 IBM 360 Version 
Since NATA is run as a s ing le  prec is ion  program on t h e  
UNn7AC 1108, s ing le  p rec i s ion  funct ion names (SQRT, ABS, 
AMAX1, etc,) a r e  used throughout t h e  program, excep, In the 
t h r e e  double prec is ion  rou t ines  , SHWK, SIN2 , and WESj8LN, 
To avoid t h e  tedium of changing funct ion names when t h e  code 
is converted f o r  .use a s  a double prec is ion  program on the 
IBM 360, the  s i n g l e  prec is ion  names are r e t a i n e d  i n  t h e  source 
program f o r  t h e  IBM version and a r e  in te rp re ted  as r e f e r r i n g  
t o  t h e  double prec is ion  functions,  I n  t h e  IBM 360/75 i n s t a l -  
l a t i o n  a t  Avco Systems Division, t h i s  r e i n t e r p r e t a t i o n  of 
t h e  s ing le  prec is ion  Fortran funct ion names is accomplished 
by using a s p e c i a l  subroutine l i b r a r y  i n  the  l i n k  e d i t  s tep ,  
A t  o ther  i n s t a l l a t i o n s  where such a s p e c i a l  l i b r a r y  may no t  
be avai lab le ,  the  same r e s u l t  can be achieved by including, 
i n  the  NATA source deck, Fortran subroutines def in ing  a l l  of 
t h e  si i lgle prec is ion  Fortran funct ion names i n  terms of the  
corresponding double prec is ion  functions. An example of 
t h i s  procedure i s  provided by the  funct ion EXP i n  t h e  IBM 
version of NATA. A s  shown by t h e  l i s t i n g  of EXP i n  Section 
5, t h i s  subroutine redef ines  EXP i n  terms of DEXP. It a l s o  
s e t s  EXP (X) t o  0 for  X less than -180, t o  avoid the produc- 
t ion of paper-wasting underflow messages, 
Since the Fortran G compiler gives a level  8 diagnostic 
when a single precision function name is used with a double 
precision argument, the  G compiler cannot be used on the hATA 
version presented here, Instead, the H compiler, which gives 
only a level  4 diagnostic, must be used. Several of the NATA 
routine s, including READ and the two block data routines, are  
too large for the standard H compiler, A t  Avco Systeins Div- 
ision,  an available large compiler (FgRTHMAX) is used t o  pro- 
cess the NATA source deck. 
In  both versions of NAT'A, the elapsed time since the  
beginning of the  run i s  printed out a t  several stages i n  
each case. In the bXI17AC version, these times are obtained 
by cal l ing routines =SET and TIME, which are  available i n  
the 1108 system library, In  the IBM 360 version i n  opera- 
tion a t  Avco Systems Division, RESET and TIME are  simu- 
lated using the system l ibrary routine ACUCPU, which gives 
the unexpended CPU time remaining before automatic job ter-  
mination a t  TIME-Gpl. 
1 In  summary, conversion of the UNIVAC version of NATA 
in to  the IBM 360 version requires the following operations: 
(1) An IMPLICIT REAL*8 (A-H, e Z )  card must be in- 
serted in to  each NATA routine except ELTIME, 
#UT, RESET, sH@K, SIMQ, and WESplLN, In  MAIN, 
t h i s  must be the f i r s t  card apart  from comment 
cards, In the other routines, the IMPLICIT 
statement must direct ly  follow the SUBR~UTINE, 
FuNcTIJ~N, or  B W K  DATA statement. 
(2)  The subroutines EXP and RESET mus-i= be inserted. 
(3) If  a special  system l ibrary  for  inter: ceting the 
single precision Fortran function names as double 
precision functions is not available a t  the com- 
puter ins ta l la t ion,  Fortran subroutines t o  de- 
f ine the single precision nrmes as  double pre- 
cision functions must be added t o  the source 
deck. 
Figure 4 i l l u s t r a t e s  t he  con t ro l  cards used t o  run NATA 
from a tape  containing the binary deck, on t h e  Avco Systems 
Division IBM 360/75 system. (The required JCL cards w i l l  
d i f f e r  somewhat a t  o ther  IBM 360 in s t a l l a t i ons ) .  The fourth,  
f i f t h ,  and s i x t h  cards i n  f igure  4 invoke the spec i a l  system 
l i b r a r y  which i n t e r p r e t s  the s ing le  prec js ion  function names 
as re fe r r ing  t o  the corresponding double prec is ion  functions,  
The binary tape  containing NATA is iden t i f i ed  on the  DD card 
w i t h  VflLUME = SER = NATA3, The da t a  set Gpl.FT08F001 is  the  
binary tape upon which NATA can w r i t e  d a t a  f o r  subsequent 
plot t ing.  ~ @ , F ~ 0 7 ~ 0 0 1  is the  da ta  set f o r  punched output, 
// 308 
/ /  MSGLEvEC= 1 
/1 XEC F0RTkU-G. REGION oGO=42OK*T IMEoGO=4 
//LKED*SYSL 1 6  02 DSNAME=VER 1 .f EHPL 1 B * O I  SP=SHR 
// 00 DSNAME=SN!S1 eFORTLIBeZ)ICP=SHR 
/ /  OD OSNAME=SYS~OD~UBLEP~DISP=SHR 
//LKEDeSYSUT 1 OD SPACE=( 1024. (600*50) 
//LKED.SYSLHOD 00 SPACE=( 3072. ( 2 0 0 .  l o *  1 ) * R L S E )  
/ /LKED.SYSLIN 00 U N I T  =(  TAPE9r *DEFER J eL.%BEL=( s 8 L P )  *O ISP=(OLD *KEEP) X 
// DCB=( RECFM=FB.LRECL=BO.BLKSf t ~ = i 2 0 0 )  eVOLUWE=SER=NAf A 3  
// OD * 
ENTRY MA I N  /* 
//GO.FT08F00 1 Oh GNI f=4TAPE9 .  *DEFER ) *CABEL=(*BLP)  rO ISP=(NEW*KZEP)  C 
// bCD= ( R E C F M = V B S ~ L R E C L = ~ ~ S B L K S ~  ZE=4604  B ~VOLUME=SER=OATASV 
/ /GOoFT07F00 1 OD SYSOUT=B 
//GOeFTOSFOOl DC * 
Figure 4. Control Cards f o r  Running NATA on the IBM 360 
3, ANALYSIS OF ROUTINES 
The present section discusses and explains the main 
program and each subroutine of the NATA code. The purpose 
of t h i s  exposition is t o  provide an entry in to  the coding 
for programmers who wish t o  analyze 'errors, make corrections, 
or introduce modifications in to  NATA. 
A l l  of the physics and gas dynamics and most of the  math- 
ematical analysis underlying the programming have already been 
documented i n  Volumes I and I1 of th i s  report (refs. 1, 2). 
Where appropriate, individual sections and equations of Vol- 
umes I and I1 are  referenced.* In  cases where the underlying 
mathematical analysis has not been documented previously, it 
is explained i n  the present section, 
The routines of NATA are  discussed i n  the following 
order: f i r s t  the main program, then a l l  subroutines and 
functions in  alphanumeric order of t h e i r  names, This is 
the same order a s  tha t  i n  which the routine names are l i s t ed  
i n  Section 2.2 an3 a t  the beginning of Section 5, and i n  which 
the source l i s t ings  a re  presented i n  Section 6, 
3.1 Main Prosram 
The main program performs cer ta in  in i t i a l i za t ion  func- 
t ions,  c a l l s  the major subroutines i n  proper sequence, im- 
plements some of the input options, and controls job termi- 
nation. A flowchart of MAIN i s  shown i n  figure 5, The 
operations shawn i n  th i s  flowchart w i l l  be discussed approx- 
imately i n  the order i n  which they are  performed during exe- 
cution of the code, 
3 1.1 Job In i t ia l iza t ion  
The 1 2  input control parameters ISWlA t o  ISWGB a re  in i t -  
ia l ized by ar i thnet ic  statements i n  MAIN before any input data 
*Equations from Volumes I and I1 w i l l  be referenced i n  the 
form I( ) and 11( ). 
M1.L L! ::'r 
CALL 1NG:V. 
I e p ~ F p - ,  SUPGfl and IRW=O? 
1 7 1 ~ 3 - j - ~ - l  CALL IR-0 TRANSX I 1 
compute CPXALI, I 




I n i t i a l i z a t i o n s f o r  boundary layer 
CALL E Q U I L ( ~ )  
ComEute A M  
SIUSS-45;. 5 9 * P W / A T H  
EA1.L RESlXP 
ISW2B< 0 1  CALL INIT 
CALL INTA 
Set conversion faCtCrS 
CALL 0UT1 
Print reservoir conditions 
I n 
Y 
CALL T R W S P  
Print reservoir transport propertics 
Plguro 50. Plowchart oI Nh'PA k d n  Procjram (Part 6 )  
Print frozen throat conditions == I 
( flewton-hPhson solution fo; & i n  area-dcnsity relation 1 I 
CT-1.-DELT 
CALI, 1 ; E I . m  
I\Ptn's= tt@Lux 
CALL FJlJDX 
have been reaf:. This  procedure i s  used because these  par- 
ameters a r e  i n  unlabelled common, and hence cannot be p r e s e t  
i n  a B W K  DATA routine.  
3.1.2 C a s e  I n i t i a l i z a t i o n  
The ca lcu la t ions  f o r  each case i n  a job alway~ begin 
with statement 10. F i r s t ,  subroutine ELTIME i s  c a l l e d  t o  
determine t h e  elapsed time ETO s ince  the s t a r t  of t h e  f i r s t  
case. Then submut ine  mAD i s  ca l l ed ,  This rou t ine  reads 
the input  da ta  f o r  the case,  sets up a r r a y s  descr ib ing  t h e  
gas  model and t h e  nozzle geometry, and p r i n t s  some of the  
da ta  def ining the  case being run, Next, subroutine LIST is 
ca l l ed  t o  p r i n t  the  remaining d a t a  def in ing  the cur ren t  case. 
Subroutine ELTIME is  then c a l l e d  again t o  p r i n t  t h e  time, 
ELTIME is c a l l e d  a t  var ious loca t ions  i n  MAIN, t o  provide 
d a t a  on t h e  execution time consumed by major por t ions  of 
t h e  ca lcula t ion ,  These subsequent c a l l s  t o  ELTIME are omit- 
t e d  from t h e  flowchart  i n  the i n t e r e s t  of s h p l i f i c a t i o n .  
Before t h e  c a l l  t o  LIST, the value of t h e  l o g i c a l  input  
I var iable  N@TRAIY is checked, N@TRAN is a switch t o  allow the suppression of a l l  t r a n s p o r t  property ca lcu la t ions  through- 
out  NATA, With NgTRAN = .TRUE., flow solu t ions  can be run 
f o r  a gas model containing user-specified spec ies  f o r  which 
t r anspor t  c ross  sec t ion  d a t a  have n o t  been provided. O f  
course, when t h e  t r a n s p o r t  property ca lcu la t ions  a r e  suppres- 
sed, the  boundary layer  cannot be included i n  t h e  flow solu- 
t ions.  Hence, f o r  N~TRAN = .TRUE., ISW3B i s  s e t  t o  zero. How- 
ever, the imput value of ISW3B i s  saved i n  t h e  loca t ion  IS3 ,  
and is reset before t h e  c a l l  t o  READ i n  subsequent cases. 
M A I N  next  increments t h e  case counter NCASE and i n i t i -  
a l i z e s  some va r i ab les  including t h e  ind ica to r  'ERR i n  common 
block /ERRPR/. This ind ica to r  i s  s e t  t o  .FALSE. near t h e  
beginning of eacn case. I f  t h e  prgrammed checks i n  any sub- 
rout ine  subsequently d e t e c t  an e r r o r ,  ERR is  s e t  t o  .TRUE., 
and t h i s  indica t ion  causes con t ro l  t o  be  returned t o  MAIN a s  
'quickly a s  poss ib le ,  with no f u r t h e r  ca lcula t ions .  State-  
ments i n  M A m  then cause subroutine DLT"= t o  be ca l led .  
DUMPEX p r i n t s  out  a d iagnos t ic  dump cons is t ing  of the  cur- 
r e n t  values of most of t h e  va r i ab les  i n  labe l led  and unlabelled 
common. The d e t a i l s  of t h i s  scheme a re  explained more f u l l y  
i n  the  sections (below) on subroutines DUMP and DUblPEX. Most 
of the tests on ERR i n  MAIN have been omitted from the  flow- 
char t  fo r  brevi ty ,  bu t  the  ones following CALL FRaZEN, CALL 
EQUIL(2), and CALL NPjNEQ have been included t o  i l l u s t r a t e  
the  method. 
M A I N  next c a l l s  subroutine INGAS t o  s e t  up ce r t a in  arrays 
used t o  describe the chemical nature of the  gas mixture. Then, 
i f  ISW2B(,O ( i . e . ,  i f  the  determination of reservoir  condi- 
t ions  i s  t o  be based pa r t l y  on the  t o t a l  mass flow), subrou- 
t i n e  RESTMP is  cal led  t o  compute the  reservoir  temperature 
and pressure. Unless ISW2B i s  negative, subroutine INIT and 
INTA a r e  then called. I N I T  i n i t i a l i z e s  a nuniber of control  
variables and nondimensionalizes some species propert ies  us- 
ing the  reservoir  temperature. INTA computes the  species 
mole f rac t ions  and the  thermal proper t ies  of t he  gas i n  the  
reservoir,  For negative ISW2B, I N I T  and INTA are cal led  i n  
RESTMP with the  f i n a l  reservoir  temperature and pressure, 
and thus do not  have t o  be ca l led  i n  MAIN. 
1 3.1.3 Special Options 
If ISWGA i s  negative, NATii computes and p r i n t s  t ab l e s  
of thermal propert ies  fo r  a l l  of the  species i n  the  current  
gas model, instead of calculat ing a flow solution. This 
operation i s  performed by subroutine STUNTS. 
If ISW6A i s  posi t ive ,  NATA computes and p r i n t s  out  t he  
reservoir  conditions (as usual ) ,  bu t  does not proceed with 
the  flow solutions. For the  spec i f ic  value ISWGA = 2 ,  the  
calculat ion of the t ranspor t  propert ies  i n  the  reservoir  i s  
a l so  omitted. This feature allows the  NATA user t o  employ 
the  code for  thermochemical calculat ions fo r  a gas model 
containing nonstandard species without s e t t i ng  up t ranspor t  
cross ssct ion data for  the  species. 
I f  ISW6A i s  0 ( the  normal, p rese t  value),  NATA generates . 
one or  more flow solutions. 
I f  ISWGA is zero or  posi t ive  (but not equal t o  2 ) ,  the  
transport  propert ies  i n  the reservoir  are computed. Before 
transport  property calculat ions can be done, the  entry TRANSX 
of subroutine TRANSP must be cal led.  However, the c a l l  t o  
TRANSX can be omitted i f  TRANSX has been cal led  i n  a previous 
case with the  same gas model. The gas model i s  the same a s  
i n  the preceding case i f  SU?G@ = .TRUE., and TRANSX was cal led  
i n  a previous case i f  IRC@ = 0. If N ~ T R A N  i s  ,TRUE., the  c a l l  
. to TRANSX is skipped. 
Another specia l  option i s  ah e d i t  of the  t ranspor t  cross 
section calculat ions,  p.:rformed by ca l l ing  the  entry STUNT2 
of subroutine STUNTS. This c a l l  i s  executed i f  the  input con- 
t r o l  parameter ISWlB i s  nonzero. For ISWlB negative, STUNT2 
a l so  p r i n t s  a t ab le  of averaged transport  cross sections; i n  
t h i s  case, no flow solueion is  run. 
3.1-4 Specif ic  Heat of the  Gas a t  the  W a l l  Temperature 
MAIN computes the  speci f ic  heat  of the  gas a t  the  nozzle 
w a l :  temperature, TWALL. This calculat ion i s  based on the  
assumption t h a t  the  gas a t  t h i s  low temperature is  a mixture 
o f  the  "cold species" used t o  define the elemental composi- 
t ion.  The speci f ic  heat is  calculated a s  
i n  which Wc i s  the  mean molecular weight of the cold gas, 
n the  number of cold s[~ecies, Xk the mole f rac t ion of the  
kgh cold species, and Cpk/RO the  nondimensional molar spec- 
i f i c  heat  a t  constant pressure fo r  the kth cold species. 
This species spec i f ic  heat  i s  given by CCPJ(1) , where 
I = IJCS(K) is the index, i n  t he  l i s t  of species f o r  the  
current  gas model, of t>e k th  cold species. 
3.1.5 Definitions of Output Variable Labels 
I n  the  f i r s t  case of e a ~ h  job (NCASE = l), MAIN c a l l s  
subroutine $uT t o  p r i n t  a l i s t  of def in i t ions ,  with un i t s ,  
of the  output va r i ab le  l a b e l s  used i n  p r i n t i n g  ou t  t h e  flow 
condit ions and t e s t  condi t ions on models. These l a b e l s  d i f -  
f e r ,  i p  most cases ,  from t h e  Fortran va r i ab le  names used i n  
t h e  code. 
3.1.6 Correction of the  Reservoir Conditions f o r  the  
Displacement Thickness a t  t h e  Throat 
I f  t h e  boundary layer  i s  t o  be  included i n  t h e  so lu t ion  
(ISW~B # 0) , and i f  the  r e se rvo i r  condition ca lcu la t ions  
are based p a r t l y  on t h e  t o t a l  mass flow (ISW2B < 0) , then 
NATA ncrrnally r eca lcu la tes  t h e  r e se rvo i r  condi t ions,  taking 
account of the  ~ f f e c t s  oE the boundary layer  displacement 
thickness  on t h e  equilibrium sonic  mass flw.. For ISW2B(_ 0, 
subroutine RESTMJ? determines t h e  r e se rvo i r  temperature and 
pressure so  as  t o  match t h e  sonic  mass f l u x  SMASS and one 
other  condition (on pressure o r  enthalpy).  I n i t i a l l y ,  when 
RESTMP i s  c a l l e d  t h e  first time, SMASS i s  ca lcula ted  a s  the  
r a t i o  of the inpu t  t o t a l  mass flow t o  t h e  geometric c ross  
s e c t i o n a l  a rea  of t h e  nozzle a t  t h e  throa t .  To c o r r e c t  
these  r e s u l t s  f o r  t h e  displacement thickness  e f f e c t ,  MAIN 
c a l l s  e n t r y  EQUIII(IPASS) of subroutine FRgZECl with t h e  argu- 
ment IPASS = 1. EQUIL then computes t h e  equi l ibr ium so lu t ion  
up t o  the  t h r o a t ,  including t h e  boundary layer.  MAIN then 
ca lcu la tes  the e f f e c t i v e  cross  s e c t i o n a l  a r e a  ATH a t  t h e  
t h r o a t  including t h e  e f f e c t s  of t h e  displacement thickness ,  
recomputes the  sonic  f lvx SMASS, and c a l l s  RESTMP f o r  a 
second t i m e  t o  recompute the  r e se rvo i r  conditions.  This 
cor rec t ion  can be suppressed, i f  it is  n o t  des i red ,  by se t -  
t i n g  MFITER = 0 i n  t h e  input,  
3.1.7 Convers' jn Factors  
Next, MAIN s e t s  t h e  a r r a y  of conversion f a c t o r s  CF (I) 
i n  common block /C$NVRT/. These f a c t o r s  convert  t h e  non- 
dimensional flow var iab les  used i n  t h e  i n t e r n a l  computations 
t o  t h e  u n i t s  used i n  t h e  p r in ted  output. 
Output Reservoir Conditions 
The nondimensional flow var i ab les  CT = T/TO, PRES = p/pO, 
etc., a r e  now s e t  t o  t h e i r  r e se rvo i r  values and subroutine 
 BUT^ i s  ca l l ed  t o  p r i n t  out  t h e  reservoi r  conditions. 
3-1.9 Solut ion Header Records on Tape 8 
I f  t h e  frozen flow solu t ion  i s  t o  be generated (ISWlA # 0) 
and i f  d a t a  a r e  t o  be wr i t t en  on a b inary  o u ~ p u t  ape  f o r  sub- 
sequent p l o t t i n g  (DATAPE = .TRUE,), t h e  main program next 
w r i t e s  a "header" record on tape 8 f o r  t h e  frozen solut ion.  
This  record contains  t h e  nozzl t  index N@ZZLE = NPRgFL(l) ,  
the type of so lu t ion  (ISPLN = 1 f o r  frozen f low),  and t h e  
r e se rvo i r  conditions,  
3-1.10 Frozen Solut ion 
To generate t h e  frozen flow solu t ion ,  M A I N  c a l l s  t h e  
e n t r y  FRflZEN of subroutine FRPZEQ. It then c a l l s  flUT1 t o  
p r i n t  t h e  sonic-point '  condi t ions i n  the  frozen solut ion.  
Equilibrium Solut ion 
MAIN c a l l s  s u b r o ~ t i n e  NRMAX t o  compute t h e  condi t ions 
a t  the  sonic  p o i n t  i n  t h e  e q u i l i b r i - . ~  solution. These da ta  
a r e  needed f o r  both t h e  equilibriun! and nonequilibriurn sol-  
utions.  Then, unless  ISFi3A = 0, MAIN checks DATAPE. If 
t h i s  con t ro l  va r i ab le  i s  ,TRUE., a header record i s  w r i t t e n  
on tape 8 f o r  the  equilibrium solu t ion ,  and t h e  en t ry  
EQUIL(1PASS) of subroutine FR@ZEQ is ca l l ed  with IPASS = 2 
t o  produce t h e  solut ion.  F ina l ly ,  @JTl i s  c a l l e d  t o  p r i n t  
ou t  t h e  equilibrium t h r o a t  conditions. 
3.1.12 Noneqili l ibri~m Solut ion 
I f  the  n o ~ e q u i l i b r i w  solu t ion  i s  t o  h e  computed (ISW2A # 0), 
MAIN determines the  cons tants  C and o~ i n  the  areq-density re- 
l a t i o n  I(383) assumed i n  t h e  so lu t ion  by t h e  inverse method 
upstream of the  throa t .  The parameter oc is  determined by a 
Newton-Raphson so lu t ion  of equation I(385)  o r  I (386) .  The 
i t e r a t i o n  i s  s t a r t e d  using the  i n i t i a l  es t imate 
which can be derived by taking the  logarithm of I(385)  and 
expanding Jn (a + 2)  around o( = 0: 
Then t o  c;,tain s t a r t i n g  conditions f o r  the  per turba t ion  sol-  
-.  
ution,  ElRIN s e t s  t h c  nondimer~ional  temperature CT t o  1-DELT, 
c a l l s  subroutine NEWRAP t o  coypute the  equilibrium flow con- 
d i t i o n s  a t  th is  temperature, computes the corresponding e£- 
fec t ive  area  r a t i o  AFNTS, and c a l l s  subroutine FIl?DX t o  det-  
ermine the  a x i a l  coordinate CX a t  which these  c o n d i t i ~ n s  
occur. I f  DATAPE = .TRUE., a header record i s  wr i t ten  on 
tape 8 f o r  the  nonequilibrium solut ion.  Then subroutine 
N W Q  i s  ca l l ed  t o  gsnerate  t h e  nonequilibrium flow solut ion.  
3.1.13 Diagnostic Dumps 
I f  a .TRUE. value of the  e r r c r  ind ica to r  ERR i s  detectcd 
anywhere i n  MAIN,  cont ro l  i s  irnrnediate,~ t r ans fe r red  t r j  t h p  
.. ' . ~2s of stat.\ment CALL DUMPEX, ~Xlich p r i n t s  out the  curre-- - . 
a la rge  rider of compnon va r i ab les  a s  an a i d  t o  ide i . i iL;  l r ~ g  
the  cause of L'ailure. I f  da ta  have been wr i t t en  cn tape 8, 
the  tape is  backspaced to el iminate  t h e  records w r i t t e n  dur- 
ing t h e  f a i l e a  case. 
3.1.14 Jo5 Termination 
A t  t he  end of t h e  ca lcu la t ions  f o r  each case,  a l i n e  of 
output i s  wr i t ten  containing t h e  case number, t h e  n a e r  of 
records wr i t t en  on tape  8 ( i f  any) ,  a ~ d  the  t o t a l  n W e r  of 
records wr i t t en  thus  f a r  i n  the job. Then the  value 3f t he  
job t e m i n a t i o n  con t ro l  parameter ISW4A i s  checked. I f  
TSW4A i s  nonzero, the  input  da ta  f o r  the  next case e r z  read. 
I f  ISW4A i s  zero, a summary of t h e  completed and f a i l e d  cases  
i n  the  job i s  wr i t t en  a d ,  i f  DATAPR is  .TRUE. an end f i l e  
mark i s  wr i t ten  on tape 8 and the  tape  i s  rewound. 
3.2 Subroutine AESflLN 
This subroutine ca lcu la tes  the  e f f e c t i v e  a rea  r a t i o  a t  a 
given pos i t ion ,  X, i n  the  nozzle. The v a h e  X is  7. subroutine 
argument. Other input data t o  the routine are contained i n  
the common block /AEGE@.I/, namely, the geometric area ra t io  
S1, the derivative of the geometric area rat io S2, and the 
square root of the geometric area ra t io  SQRTA, To se t  S I  
and S2, a c a l l  to  AESPLN(X) mast be. preceded by a c a l l  t o  
GEj?&liUt(~,Sl,S2). In adcition, i f  NPRFLS = 1 (the flow is 
in a nozzle, not a channel) and JDIM = 1 (the nozzle i s  xi- 
symm~tric), then sQRTA must be computcd in the calling rou- 
t ine before HESgLN is  called. ' 
The calculations of the efrect;.-ie area ra t io  are based 
upon equations I (126) , I (130) and I(134) , respectively, for 
the cases of a two-dimensional nozzle (NPRFLS = 1, JDIM = 0 ) .  
ap axisyrumetric nozzle (NPRFGS = 1, JDIM = l), and a rectan- 
gular channel (NPRFLS = 21, The effective area ra t io  ob- 
tained is stored in the' locaeon S1 of common block /AEGE~~M/, 
replacing the geanetric area ratio. 
In  addition, the subroutine computes the derivative, 




These r e l a t i o n s  can e a s i l y  be  derived from equations 1(126),  
1(130),  and 1(134). The computed value of dAe/dx i s  s tored  
i n  t h e  loca t ion  S2 of common /AEGEldM/, where it replaces  t h e  
de r iva t ive  of the geometric a r e s  r a t i o .  
3.3  Subroutine AGS@IN 
The purpose of t h i s  subroutine is t o  solve f o r  the  geo- 
m e t r i c  area r a t i o  A when the ef ies t i~ . re  area r a t i o  A, and 
boundary layer  d i s p  1 acement thickness  6* are given, These 
input  d a t a  are provided i n  the  argument list: & = AE, 
8 = DEL(i), where the index i runs from 1 t o  2 i n  t h e  case 
of a channel. The argument list a l s o  includes the i -q ica to r  
UPDplWN, which s p e c i f i e s  whether an upstream (-1.) o r  down- 
stream ( i l . )  so lu t ion  i s  desired,  The computed value of 
Ag8 and t h e  corresponding value of x, a r e  r z t w n e d  t o  t h e  
c a l l i n g  rout ine  through the arguments AG and X, respect ive ly ,  
The so lu t ion  f o r  A is  straightforward and e x p l i c i t  i n  
the case of a nozzle. ?t i s  given by equation I(121) i f  the 
flow geometry i s  two-dimensional and b y  I(131) i f  it is  axi- 
symmetric, I n  both cases ,  the  value of X corresponding t o  
Ag i s  determined by c a l l i n g  FINDX. 
I n  t?- case of a channel, t h e  r e l a t i o n  between Ae and 
A is  given by equation I(135)  and t h e  p r o f i l e  funct ions 
y((x), z(x).  This r e l a t i o n  does not  permit an e x p l i c i t  sol-  
u t ion  f o r  Ag. I n  AGS~LN, a numerical Newton-Raphson method 
i s  used t o  determine Ago Equation I(135) is wr i t t en  as 
where s* * $ *  s *  Ac = (1 - 2) (1- *,) Ae - .a. 
z Yo =o 
(8 
Yo 0 
* * The quant i ty  A, and t he  f ac to r s  S1/yozo and i2/yozO a r e  
constants during t he  solu t ion  fo r  a pa r t i cu l a r  c a l l  t o  the 
subroutine, From (7 ) ,  the objec t  of the  ca lcula t ion  i s  t a  
f ind  a value of x su& t h a t  F(x) = 0, where 
Let x, F denote t he  values of these quan t i t i e s  from t h e  cur- 
r e n t  i t e r a t i o n  and xo, Fo the  values f o r  the previous itera- 
t ion.  Then, based on a l i nea r  approximation t o  (9) ,  t h e  value 
of x required t o  m a k e  F(x) = 0 is estimated t o  be 
The i t e r a t i o n  based on this r e l a t i o n b e g i n s  a t  statement 60 
i n  t he  subroutine, To s t a r t  t h e  i t e r a t i o n ,  A i s  set equal 
t o  A,, and t h e  corresponding x i s  computed us?ng FINDX. The 
second point  i s  obtained by computing from (7) and agair, 
using FIhQX, Equation (10) i s  then use 3 i n  the t h i r d  and 
a l l  subsequent stepp, The convergence c r i t e r i o n  i s  t h a t  
I F I / A ~  be less than o r  equal t o  10-5, o r  t h a t  F = Fo. 
I f  A (x) i n  (9)' i s  expressed by means of equation I(120),  
equation (%)can be rewri t ten  i n  t h e  form 
I f  y and z both have minina a t  t h e  t h r o a t  x = 0 ,  as is nor- 
mally t he  case i n  channels, then the  maximum value of F (x) 
occurs a t  x = 17 and is equal t o  
l i 
. , 
I n  order f o r  a so lu t ion  of t h e  equation F (x) = 0 t o  exist, 
it is  necessary t h a t  Fma be g r e a t e r  than o r  equ3l t o  zero. 
This i s  always t r u e  i f  sl* = S1: and s2* = S2*. Also, ' 
i n  p r a c t i c e ,  it i s  always t r u e   hen +>> 1, Howexer , when 
Ae is near ly  equal  t o  1 and S1 < S lt , 6 < d2*, F- 
can be negative. These circumstances can arise near  t h e  
-. 
sonic poin t  (where A, = 1) when t h e  sonic  p o i n t  i s  displaced 
from t h e  geometric t h r o a t  by t h e  p ~ e s e ~ c e  of l a rge  g rad ien t s  
in t h e  displacement thicknesses,  When this occurs, t h e  itera- 
t i o n  formula (10) ex t rapo la tes  p a s t  t h e  t h r o a t  and g ives  ap 
xn of t h e  wrong s ign,  i .e.,  t h e  opposite s ign  t o  UPD@WN. 
When such a condit ion i s  detected,  AGSgLN attempts t o  "f lxl '  
the roblem by r e s e t t i n g  the displacement thicknesses  * d;, P s2 t o  their values a t .  the  sonic  poin t ,  A1; and s2, res- 
pect ive ly ,  and r e s t a r t i n g  t h e  i t e r a t i v e  so lu t lon  a t  t h e  begin- 
ning. Under t h e  circumstances i n  question, this adjnstment 
can have l i t t l e  eEfect  on t h e  value of Ag computed (which i s  
near uni ty)  . Equation (12) shows t h a t  a f t e r  t h i s  r eplacement, 
Fmax is t h e  product or' a p o s i t i v e  factoi- and (A, - 1). and 
hence is 2 0. Thus, i f  the problem was indeed cawed  by t h e  
combination of circumstances describzd above, t h e  " f i x "  should 
guarantee t h e  exis tence of a so lu t ion  of t h e  equation F(x) = 0, 
The coding provides a dump and an e r r o r  e x i t  should t h e  prob- 
l e m  recur  a f t e r  t h e  "iix" has  been c a r r i e d  out ,  I n  t h i s  case, 
tlie problem has  a d i f f e r e n t  cause, such as an e r r o r  i n  a user- 
supplied channel p r o f i l e  curvef it. 
3.4 Subroutine AXFIT 
This s-&routine solves f o r  t h e  value of x corresponding 
t o  a given e f f e c t i v e  a rea  r a t i o  (AFNTS) during t h e  i n i t i a l  
(perturbation) por t ion  of t h e  nonequilibrium solut ion.  I f  
t h e  so lu t ion  i s  being ca lcula ted  without t h e  boundary layer 
(ISW~B = 0 ) ,  then t h e  geometric a rea  r a t i o  i s  equs l  b t h e  
e f f e c t i v e  a rea  r a t i o ,  and x (denoted by QC) i s  determined 
by c a l l i n g  subroutine FINDX. I f  t h e  boundary layer  is in- 
cluded i n  t h e  so lu t ion ,  b u t  subroutine THRgAT has  n o t  yet 
been ca l l ed  t o  r e s e t  IUPD from 1 t o  0, t h e  e f f e c t s  of t h e  
boundary l aye r  displacement thickness  on the  e f f e c t i v e  flow 
geometry are neglected,  and x i s  again obtained from FINDX, 
However, i f  t h e  boundary layer  is included and IUPD = 0, 
then t h e  inv i sc id  flow i s  coupled t o  t h e  boundary l aye r  and 
x is  accordingly determined by c a l l i n g  AGS@LN. Both FINDT: 
and AGSjdLN requi re  an ind ica to r  which s p e c i f i e s  whether t h e  
upstream (UPDflWN = -1) o r  downstream (uPD@FW = 1) so lu t ion  
f o r  t h e  x corresponding t o  t h e  e f f e c t i v e  a r e a  r a t i o  AFNTS 
is desired.  I n  &WIT, t h i s  i n d i c a t o r  i s  determined by t e s t -  
ing  whether t h e  nondimensional temperature CT is g r e a t e r  than 
o r  less than i ts value CTEIAX a t  tlie geometric t h r o a t  based on 
t h e  equilibrium flow solu t ion ,  
Subroutine AXSECT i s  c a l l e d  by su%routine XSECT f o r  
the purpose of adding d a t a  f o r  a d d i t i o n a l  spec ies  p a i r s  t o  
t h e  ed i t ed  c ross  sec t ion  d a t a  i n  common block/TRANS7/ The 
f i r s t  argument LL of the  subroutine g ives  t h e  s t e p  i n  t h e  
c r o s s  sec t ion  computations a t  which t h e  add i t iona l  p a i r s  a r e  
t o  be added, while the second argument NN g ives  t h e  t o t a l  
number of species  t o  be considered i n  adding the data ,  The 
indices  of t h e  a c t y - l a 1  spec ies  t o  be considered i n  t h e  added 
d a t a  are then give;., i n  numerical order ,  by t h e  f i r s t  NN 
e n t r i e s  of t h e  va r i ab le  I i n  cormon block/~FSNs2< Subroutine 
I AXSECT searches through a l l  p a i r s  (11, J J )  of these  spec ies  with I1 5 JJ, t o  f i n d  those Eor which c r o s s  sec t ion  da ta  
have no t  been previously spec i f i ed ,  as indicated by t h e  f a c t  
that Q ( l , I I ,  JJ) = 0, A l l  such p a i r s  a r e  then added t o  t h e  
IQ, JQ arrays ,  s t a r t i n g  a t  t h e  loca t ion  NQ (LL) + 1, with t h e  
o r i g i n a l  d a t a  i n  these  loca t ions  being moved back t o  make 
room for t h e  new values, Further ,  t h e  subroutine sets 
Q ( l , I I ,  JJ) = 1. f o r  a l l  p a i r s  added t o  t h e  IQ, JQ ar rays  
and r e v i s e s  t h e  KQ a r r a y  t o  be cons i s t en t  wi th  t h e  new IQ, 
JQ valtles, assuming t h a t  a l l  of  t h e  added p a i r s  a r e  t o  be 
included i n  t h e  ~ ~ t h  s t e p  of t h e  c ross  sec t ion  computations. 
3.6 Subroutine BLAYER 
The boundary layer  ca lcu la t ions  i n  NATA a r e  c a r r i e d  out  
by t h e  method described i n  Sect ion 5 of Volume I (ref. 1). 
These ca lcu la t ions  a r e  performed by subroutine BLAYER. The 
boundary l aye r  p roper t i e s  a r e  ca lcula ted  from the  i n t e g r a l  I, 
equation I(172) .  This i n t e g r a l  is used t o  determine t h e  cor- 
r e l a t i o n  parameter n, equation I (174) .  The momentum thickness  
9, displacement thickness  s*,  shear  stress T,, and h e a t  
flux q, are then ca lcula ted  from n and o ther  q u a n t i t i e s .  
The o v e r a l l  s t r u c t u r e  of BLAYER is  diagrananed i n  f i g u r e  
6. The ca lcu la t ions  a r e  a l l  contained i n  a D@ loop with index 
L running from 1 t o  NPRFLS, I n  t h e  case of a nozzle (NPRFLS=l), 
t he  ca lcu la t ions  a r e  executed only once. For a channel 
(NPRFLS=2) , they  are executed twice t o  compute the boundary 
l aye r s  on the  two p a i r s  of  channel walls. 
The subroutine argument FINAL is a l o g i c a l  va r i ab le  
specifying whether the new flow p o i n t  i s  an actua.'. p o i n t  of 
t h e  so lu t ion  o r  merely an intermediate  s t e p  i n  t h e  Runge- 
Kutta in teg ra t ion  used t o  generate  the nonequilibrium flow 
solut ion.  For FINAL = .FAISE., t h e  i m p o r t a t  va r i ab les  used 
i n  BLAYER are res tored  t o  t h e i r  va lues  a t  t h e  beginning of 
t h e  s t e p  before  t h e  RETURlT is  executed, and the ca lcu la t ions  
of shear  stress TAUW and heat  f l u x  QWDfiT are omitted. 
IPgINT is a counter f o r  t h e  flow po in t s  a t  which boun- 
dary l a y e r  ca lcu la t ions  are done i n  each flow solut ion.  IP9INT 
is  i n i t i a l i z e d  t o  1 i n  subroutine FRgZEQ f o r  frozen and equi- 
librium so lu t ions  and i n  subroutine N W Q  f o r  nonequilibrium 
solutions.  Each time' BmYER is c a l l e d  with FINAL = .TRUE., 
IP/bINT i s  incremented by 1 before t h e  RETURN, 
Some of t h e  phys ica l  va r i ab les  which a r e  used frequent ly 
are given shortmnenonic names which are equivalenced t o  t h e i r  
standard names i n  unlabel led common 
3.6.1 I n i t i a l i z a t i o n s  
When BLAYER i s  c a l l e d  f o r  the f i r s t  time i n  a given 
flow solu t ion  (IPgINT = 11, a nwriber of ' q u a n t i t i e s  
a r e  s e t  o r  i n i t i a l i z e d  by the statements down t o  90. These 
q u a n t i t i e s  include the  c o e f f i c i e n t  B i n  t h e  l i n e a r  r e l a t i o n  
I(164) between t h e  momentum parameter N and t h e  c o r r e l a t i o n  
parameter n,  and the  t r a n s ~ o r t  p roper t i e s  PRW = Prw and 
-VISCW = )A, a t  the wal l  temperature. The w a l l  i s  assumed 
t o  be c a t a l y t i c ;  hence, these t r a n s p o r t  property ca lcu la t ions  
are 3ased on t h e  mole f r a c t i o n s  QPJ(K) f o r  the cold gas mix- 
ture .  This  sec t ion  of the  rou t ine  a l s o  s e t s  t h e  i n d i c a t o r  
I n i t i a l i z a t i o n s  I 
I 
Compute t r anspor t  proper t ies ,  recovery enthalpy, 
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I Compute THETA(L) , SN (L) , XSN(L), HTR(L), DELBL (L) I
1 
. I I P ~ I N T < ~  o r  .N@T. F I N A ~  Y ~ S  
no + ! '








Impdate XP ,  e t c .  
I t 
L < NPRFLS ? 1 
1 no 
I RETURN 1 .  
Figure 6. Flow Chart of Subroutine BLAYER 
1: ITYPE, which s p e c i f i e s  t h e  type of nozzle geometry: 
ITYPE = 1 Two-dimensional nozzle 
ITYPE = 2 h isymmetr ic  nozzle 
ITYPE =r 3 Rectangular channe 1 
3.6.2 Transport Property and Geometry Calculat ions 
The e c t i o n  of BLAYER from statement 90 down t o  270 
computes t h e  values of var ious phys ica l  q u a n t i t i e s  a t  t h e  cur- 
r e n t  flow poin t ,  including the  t r a n s p o r t  p rnper t i e s  and geo- 
metric parameters en te r ing  i n t o  t h e  boundary layer  zalculat ion.  
BLAYER uses t h e  v i s c o s i t y  and Prandt l  number a t  t h r e e  
temperatures, t h e  w a l l  temperature TWALL, the free-stream 
temperature, TE, and t h e  reference  temperature TREF, The 
ca lcu la t ions  f o r  WALL are done only once pe r  so lu t ion  be- 
cause t h e  w a l l  temperature i s  assumed constant.  To save com- 
put ing time, t h e  t r a n s p o r t  proper ty  ca lcu la t ions  a t  TE and 
TREF a r e  n o t  repeated a t  every f1cr.r po in t ,  b u t  a r e  done only 
when khe temperature o r  the gas mole f r a c t i o n s  have changed 
s ign i f i can t ly ,  The c r i t e r i o n  f o r  performance of  t h e  t rans-  
port property ca lcu la t ions  i s  a change of  0.01 i n  any of the  
mole f r a c t i o n s  o r  a change of 0.5 percent  i n  the  temperature. 
The mole f r a c t i o n s  a t  which ca lcu la t ions  w e r e  last  done a r e  
represented by XTEST (J) , The corresponding temperatures are 
TEP and TREFP. 
The f a c t o r  r2j i n  equation 1(171) i s  denoted by PJ i n  
BLAYER. Because of t h e '  form of equations I(131) t o  I(173) , 
r2j can be  replaced by a cons tant  times r2j  without a f fec t -  
ing  t h e  computed r e s u l t s  f o r  t h e  Soundary layer  thicknesses ,  
the  h e a t  f lux ,  and the  shear  s t r e s s .  For two-dimensional 
nozzles, A J  i s  s e t  t o  1, which i s  t h e  value of r2j  f o r  j = 0. 
For axisymmetric nozzles,  AJ i s  set t o  the  geometric a rea  
' r a t i o ,  
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which is r2j/yo. I n  t h e  case of a rectangular channel, f o r  
each p r o f i l c ,  AJ is s e t  t o  the  square of t h e  radius  of t h e  
other p r o f i l e , s i n c e  t h i s  rad ius  i s  proport ional  t o  the  width 
-
of the  sur face  whose boundary layer  i s  being calculated.  
For nozzles, the  cosine of the  angle b between t h e  
p r o f i l e  tangent and the  a x i s  is  ca lcula ted  from d ~ ~ / d x .  
I n  general ,  
COS b = 1 - - 1 ( 14) Jl + tan2 b Jl + (dy/dx)' 
wh'ere y i s  the p r o f i l e  ordinate .  I n  t h e  case of a t w o -  
dimensional nozzle, from equation I (118) , 
& =  "As 
dx '0 dx 
and hence 
. 
cos b = I 
dl + yo2 ( d ~ g / d x )  
I n  the  a x i s y m e t r i c  case,  from 1(116),  
and thus 
COS b = 1 JW 
The de r iva t ive  dAg/dx i n  (16) and (18) i s  obtained by c a l l i n g  
subroutine GEfiMAR. I n  the  case of a channel, dy/dx is com- 
puted by c a l l i n g  the  e n t r y  GMAR3 of GEgMAR, and cos b i s  eval- 
uated d i r e c t l y  from (14).  
The viscosi ty- temperature  exponent o , def ined  hy 
equat ion I (191), i s  determined by f i t t i n g  I (191)  t o  t he  
v i s c o s i t y  a t  t h e  w a l l  and re fe rence  temperatures.  The 
c o e f f i c i e n t  A i n  I (164)  (denoted by EK1) i s  ca l cu l a t ed  from 
1(20l) a t  t h e  f i r s t  flow p o i n t  (IPPINT = I) ,  and then he ld  
cons tan t  through t h e  so lu t ion .  
The in tegrand  H of 1(172) i s  represented by @RDIN(L). 
Actual ly ,  PRDIN(L) d i f f e r s  from equat ion f (171)  by a con- 
s t a n t  f a c t o r ,  which cance ls  ou t  i n  t h e  c a l c u l a t i o n  of n1  
I(173) and t h u s  has  nc s f f e c t  on t h e  boundary l aye r  prop- 
erties. 
3.6.3 I n t e g r a t i o n  from xo t o  F i r s t  Flow Po in t  
I n  genera l ,  t h e  f low p o i n t  a t  ,which BLAYER is  f i r s t  
c7:? '!~d l ies upstream of t h e  t h r o a t .  Yhe Mach nuniber a t  t h i s  
p o i n t  i s  low. However, t h e  p o i n t  may be w e l l  downstream of 
t h e  p o i n t  xo a t  which boundary l a y e r  development i s  assumed 
t o  s t a r t  ( see  Sec. 5-10 of Volume I ) ,  Accordingly, t h e  i n t e r -  
v a l  from xo t o  t h e  f i r s t  p o i n t  of t h e  f low s o l u t i o n  i s  no t  
t r e a t e d  a s  a s i n g l e  s t e p  f o r  t h e  purpose o f  t h e  boundary 
l aye r  ca l cu l a t i on .  In s t ead ,  when BLAYER i s  c a l l e d  wi th  
IP~INT = 1, t h e  i n t e g r a l  I (172)  (denoted by BLINT (L) ) and 
the streamwise boundary l a y e r  coord ina te  5 (denoted by XI(L))  
are evaluated by a 10-step numerical  i n t e a r a t i o n  from xg t o  
t h e  f i r s t  flow poin t .  
I n  t h e  region covered by t h i s  i n t e g r a t i o n ,  t h e  Mach num- 
b e r  i s  low s o  t h a t  t h e  flow can be approximated as incompres- 
s i b l e .  Also, t h e  boundary l a y e r  i s  t h i n  i n  t h i s  region,  i n  
comparison wi th  t h e  nozzle o r  chznnel  rad ius ,  s o  t h a t  t h e  
e f f e c t i v e  a r e a  r a t i o  can be approximated by t h e  geometric 
area r a t i o .  Thus, t h e  c o n t i n u i t y  equat ion p u. Ael  .= con- 
s t a n t ,  can b e  approximated 
I 
M A~ = cons tan t  (19) 
The cons tan t  i n  (19) i s  represented by CC. A t  each p o i n t  i n  
t h e  integ7:ation from xo t o  XI, t h e  geometric . a r ea  r a t i o  A = 
AG1 and ? 3 ~  q u a n t i t y  AGJ corresponuing t o  r2) a r e  calculaeed 
by c a l l i n g  subrout ine  RADIUS, E'I Is obtained from (19 ) ,  and a 
q u a n t i t y  P R D l  p r o p o ~ c i o n a l  t o  $RDIN(L) is computed wi th  t h e  
approximation ae/ao - pe/pO 2 1. The increment i n  i s  
computed using the Pythogorean theorea: 
where ~y i s  t h e  change i n . t h e  p r o f i l e  ord ina te  due t o  a 
change A X  i n  t h e  a x i a l  coordinate. BLINT(L) i s  calcu- 
-. l a t ed  using t rapezoidal-rule  integrat ion.  A t  t h e  f i r s t  
flow poin t ,  DLM(L) = d Rn M/dx is evaluated from (19) , 
3.6.6- Derivatives of the  Mach Number 
The de r iva t ive  dMe/dx of t h e  flow -Mach number i s  an 
important va r i ab le  i n  t h e  boundary layer  ca lcula t ion  because 
it represents  t h e  d f f e c t  of a streamwise pressure gradient .  
The r e l a t e d  quan t i ty  dM,/dF appears i n  the  fornula  I(174) 
f o r  the  co r re la t ion  parameter, n. A l l  of the  boundary ;ayer 
proper t i e s  depend upon n. 
The de r iva t ive  d~, /d$  d i f f e r s  between the  two pro- 
f i l e s  of a channel because the  boundary layer  coordinate 
l i e s  along t h e  channel surface and the  two p r o f i l e s  have 
d i f f e r e n t  inc l ina t ions  t o  t h e  nozzle axis .  The value of 
9 In Me/dF f o r  t h e  ~ t h  p r o f i l e  i s  denoted by DLM(L) . It 
i s  determined by f i r s t  conputing d.tn%/dx and then cor- 
rec t ing  f ~ r  t h e  inc l ina t ion  of the  nozzle ~r channel sur face  
t o  t h e  axis .  F o r  each flow po in t  beyond the  f i r s t ,  dRn M,/dx 
i s  ca lcula ted  from r a t e  d a t a  i f  t h e  flow solu t ion  is of non- 
equilibrium type and the  numerical in t eg ra t ion  technique i s  
being used (INEQ = 1). Otherwise, i f  t h e  flow solu t ion  i s  
of frozen o r  equilibrium type o r  i f  t he  per turba t ion  tech- 
nique i s  being used i n  a nonequilibrium solu t ion  (INEQ = O ) ,  
dPn ~ J d x  i s  ca lcula ted  by numerical d i f f e r e n t i a t i o n .  I f  
t h e  inv i sc id  so lu t ion  is  being ca lcula ted  by l~onequilibrium 
in tegra t ion ,  DLM(L) i s  calculated from e q u ~  Lions I(420) , 
I(421), and I(291) or  I(422). I n  t h e  case of a cilernical 
nonequilibrium gas model ( N T  = 1) , the  s tagnat ion enthalpy 
ho i s  constant  and hence I(421) and I(291) give 
The variables used i n  the  code are 
Hence (21) is  coded as 
The sums denoted by SCPG *nd SHJDGJ are obtained from com- 
mon. Similarly,  i n  t he  case of an e lec t ronic  nonequilibrium 
model (NT = 2) ,  equations I(421) and I(422) give 
DCHA CMA DUDX = - - -
SU su 
[ G J ( ~ )  - C C P J ( ~ )  'DTE ' 
where 
In (24) ,  q u a n t i t i e s  subscripted (1) r e f e r  t o  t h e  e l ec t ron  
species  . 
For equilibrium and frozen so lu t ions ,  and f o r  nonequil- 
ibriurn so lu t ions  which a r e  being developed by the  perturbed 
equilibrium flow technique (INEQ = 0) , t h e  q u a n t i t i e s  SCPG 
and SHJDGJ a r e  not  ava? lable .  In  these  cases ,  DLM(L) is 
calculated by numerical d i f f e r e n t i a t i o n .  For IPgINT = 2 ,  a 
simple f i r s t -o rde r  d i f ference  expression 
is used, where M i s  t h e  Mach number a t  t h e  current  poln t  and % t h a t  a t  t h e  previous point.  For 1PP)INTL 2 ,  t h e  following 
second-order d i f ference  c a l c u l a t i o ~  i s  used: Let (M,x) be 
t h e  da ta  f o r  t h e  current  poinc (Mp,x ) those f o r  the  previ- 
ous poin t ,  and (%, xpp) those f o r  t R e poin t  preceZing the  
previous one. A quadra t ic  f i t  t o  these  da ta  can be w r i t t e n  
i n  the  form 
from which 
Subs t i tu t ion  of t h e  three  da ta  po in t s  i n t o  (28) gives,  a f t e r  
e l iminat ion of co t  
Hence M-ME M - M ~ ~  
- -  
XnXD X*4';no 
Now t h a t  c2 i s  known, c l  can b e  obta ined from (30b);  
dM/dx i s  then ca l cu l a t ed  from (29), and DLM(L) i s  obtained 
from 
3.6.5 Calcu la t ion  uf Baundary Layer Thicknesses 
Next, t h e  i nc rease  i n  f i n  t h e  s t e p  from t h e  previous  
flow p o i n t  t o  t h e  curreni; one i s  ca l cu l a t ed ,  
A x A f  =-  
cos  b 
and $ i s  incremected by  A F . The boundary l aye r  i n t e g r a l  
I (equation I (172)  ) , denoted by  BLINT(L) , is updated using 
t h e  trapezoiclal  i n t e g r a t i o n  r u l e .  The d e r i v a t i v e  d i n  M / d x  
i s  converted i n t o  d i n  ~ / d f  by 
dRn M 
= COS b d In. M 
d f  dx 
Then n l ,  equat ion I ( 1 7 3 ) ,  i s  eva lua ted ,  and t h e  c o r r e l a t i o n  
parameter n i s  ca l cu l a t ed  from I ( 1 7 4 ) .  The c h a r a c t e r i s t i c  
length L i n  these  equat ions  i s  taken t o  be RO, def ined a s  
t h e  p r o f i l e  r a d i u s  i n  t h e  chse of a r,ozzle, and clefinad by 
2 
TT (H6) = t h r o a t  area 
in the case of a channel. Thc momentum thic'mess is  calcu- 
lated from I(184).  I f  the  flow geometry is t h a t  of an axi-  
symmetric nozzle, t h e  t ransverse  curvature correc t ion  I(187) 
is applied. The smoothed cor re la t ion  parameter ii, denoted by 
XSh (L) , is computed f roan e q u a t i ~ n  I(217) . 
T k  e f f e c t  of free stream Mach number upon the corre- 
l a t i o n s  05 boundary layer  p roper t i e s  is  contained i n  t h e  de- 
pendence upon the hypersanic parameter c ,  equation I(190).  
The cor re la t ions  used i n  BLAYER a r e  based upon the Dewey- 
Gzoss ca lcu la t ions  (ref .  5) fc: a p e r f e c t  gas, I n  frozen and 
nonequ i l ib r im solu t ions ,  t h e  parameter cT as ca lcula ted  from 
I(190) never approaches uni ty ,  even a t  high Mach numbers, be- 
case of t h e  frozen-in d i s soc ia t ion  energy i n  hG, To repre- 
s e n t  the Mach number effectmore r e a l i s t i c a l l y ,  t h e  U defined 
by I(L90) is replaced by an e f f e c t i v e  value a,, defined as 
where Y ,  is an e f f e c t i v e  s p e c i f i c  h e a t  r a t i o .  For a p e r f e c t  
gas. (35r is equivalent  t o  I(190). In BLAYER, 7, is calcu- 
lated as 
+e = a2w/I$,~ (38) 
where W is t h e  mixture molecular weight and a the  sound speed, 
The incompressible form fac to r  HTR(1,) is computed from 
I(189) and t h e  displacement thickness  DELBL(L) frcm I(188) .  
I n  t h e  case of a nonequilibrium flow solu t ion ,  t h e  coapling 
of the boundary layer  t o  the inv i sc id  flow is switched on 
when t h e  i n d i c a t c r  IUPD is set t o  zero  i n  subroutine THRp'AZI,* 
The only e f f e c t  of the coupling i n  subroutine BLAYER is t h a t  
t h e  de r iva t ives  DDELBL (L) of t k  displacement thicknesses 
*NPD i s  always equal  t o  I. i n  the frozen and equilibrium sol-  
utions. 
I 
1 have t o  be calculated.  To avoid excessive disturbance of 
the nonequilibriurn so lu t ion ,  DDELBL(L) i s  gradual ly b u i l t  
up from zero over 29 s t9ps  i n  the  flow solu t ion ,  as ex- 
plained i n  Section 7.6 of Volume I. 
3.6.6 Heat Flux and Shear Stress 
For FINAL = .FALSE., t h e  boundary l aye r  i n t e g r a l  
'-BLINT(L) is reset t o  i ts value BLINTI a t  the  beginning of 
the s t e p ,  and t h e  boundary layer  coordinat- X I  (L) t o  its 
i n i t i a l  value X I I .  Then c o n t r o l  i s  t r ans fe r red  t o  statement 
540, tho l i m i t  of t h e  D@ loop over L. 
For FINAL = .TRUE., t h e  shear  parameter XL is  ca lcula ted  
from t h e  c u r v e f i t  1(194) ,  t h e  shear stress TAUW(L) from 1(193) ,  
t h e  Reynolds analogy f a c t o r  RAF from 1(203\ ,  and t h e  hea t  f l u x  
QWD@T(L) from I(195) .  Then, i f  L i s  l e s s  than hTRFLS, con t ro l  
is t r ans fe r red  t o  t h e  end of t h e  D@ loop over L. I f  L i s  
equal  t o  XI?RFLS, seve ra l  phys ica l  q u a n t i t i e s  a r e  saved f o r  
use i n  the  ca lcula t ions  f o r  the next s tep ,  When t h e  D@ 
loop over L has been completed, diagnost ic  outputs  are wr i t t en  
i f  t h e  con t ro l  va r i ab le  ISW4B is nonzero, and the RETURN is  
zxecuted. 
During t h e  nonequilibriurn so lu t ion ,  a l l  c a l l s  t o  t h e  
boundary layer  rout ine  BLAYER a r e  made through subroutine 
BLCALL. Before c a l l i n g  BWYER, subroutine BLCALL s e t s  up 
c e r t a i n  da ta  required by BWYER and by the  t r anspor t  prop- 
e r t y  rout ines .  The species  mole f r a c t i o n s  are computed 
from equation I(1) and loaded i n t o  the  common a r ray  SAVEC(J). 
If the  per turba t ion  technique is s t i l l  being used (ILm = O), 
t h e  per turba t ions  PERTGJ(J) a r e  added t o  t h e  cor-centrations 
7 .  = GJ(J) before equation I(1) i s  used, I n  t h i s  case,  i n  
addition, the  temperature per turba t ion  PCT i s  added t o  t h e  
nondimensional temperature CT and t h e  dens i ty  per turba t ion  
DRH@ i s  added t o  RHP. After  BLAYER has been ca l l ed ,  t h e  
temperature and dens i ty  a r e  res tored  t o  t h e i r  unperturbed 
(equilibrium) values. It i s  not  necessary t o  r e s e t  SAVEC(J) , 
because t h i s  a r r a y  is used only i n  t h e  t r anspor t ,  boundary 
layer ,  and model condition ca lcula t ions ,  not  i n  the  inv i sc id  
flow solu t ion ,  Indeed, subroutine PRTA (which con t ro l s  t h e  
output of t h e  nonequilibrium flow solu t ion)  calls BLCALL t o  
load the  SAVEC a r r a y  even i n  so lu t ions  neglecting the  boun- 
dary layer (ISW3B = O ) ,  because t h e  output rout ine  @ U T l  ob- 
t a i n s  t h e  mole f r a c t i o n s  from SAIEC. 
3.8 Subroutine BXSECT 
Subroutine BXSECT i s  used i n  searching t h e  a r ray  V i n  
common block/TRANS'l/for references t o  t h e  ind ices  of spec- 
ies p a i r s  used i n  t h e  crGss sec t ion  computations, and a l s o  
i n  determining t h e  correspondence between t h e  e n t r i e s  i n  
t h e  V a r r a y  and t h e  s t e p s  i n  t h e  c r o s s  sec t ion  computations. 
The argument L of t h e  subroctine is t h e  index of the  s t e p  i n  
%he c ross  sec t ion  computations, &N is t h e  index of t h e  las t  
e n t r y  i n  t h e  V a r r a y  used i n  s t e p  L of t h e  computations, and 
I and J are t h e  ind ices  of t h e  spec ies  p a i r  referenced i n  V. 
When t h e  subroutine i s  c a l l e d  with L = 0, t h e  other  arguments 
MV, I, and J a r e  set i n t e r n a l l y  by tlie subroutine and need 
n o t  be  furnished by the  c a l l i n g  rout ine ;  howzver, a l l  argu- 
mer- ts a r e  requ&d when L # 0, 
I n  use, s ~ r o u t i n e  OXSECT i s  first c a l l e d  wi th  L = 0 t6 
begin t h e  search over t h e  V array.  The rout ine  then goes 
through each s t e p  L of the  c ross  sec t ion  computations, s t a r t -  
ing w i t h  L = 1 and checking f o r  s t eps  with KQ = 9 o r  12. The 
value of MV i s  accwnulate3 a t  each s t e p  L of t h e  computations 
from t h e  number of V values NV(KQ(L) )  required f o r  t h a t  s tep ,  
where NV(KQ) i s  a .  f ixed  value which has  been p r e s e t  i n  the  
code, When a s t e p  with KQ = 9 o r  1 2  i s  found, subroutine 
BXSECT s e t s  i and J t o  t h e  indices  of the  species  p a i r  r e f - -  
erenced i n  the  V a r r a y  f o r  t h a t  s t e p  and r e t u r n s  con t ro l  t o  
t h e  c a l l i n g  program, The l a t t e r  program may then r e s e t  I 
and J t o  any Cesired values and r e c a l l  subroutine BXSECT 
aaain with the  cu r ren t  values of L and MV t o  e n t e r  t h e  revised 
6a ta  i n  t h e  V a r ray  and resume t h e  search of the  computations 
again from t h e  poin t  a t  which it w a s  l e f t  o f f .  It should be 
noted t h a t  f o r  each s t e p  with KQ = 12, there  a r e  twa species  
p a i r s  referenced i n  the V array,  and returned by subroutine 
BXSECT, while for IQ = 9 the re  i s  only one. 
When a l l  s t e p s  of t h e  computations have been searched, as 
indicated by t h e  index L of the  s t e p  beconing equal  t o  t h e  num- 
ber of s t eps  NKG i n  t h e  edi ted  c ross  sec t i an  d a t a  i n  common 
block/rRANS7, t h e  subroutine sets L t o  0, as a s i g n a l  t h a t  t h e  
search has been completed, and r e t u r n s  c o n t r o l  t o  the  c a l l i n g  
program. 
3.9 Subroutine C W  
The funct ion of subroutine C(dMM is t o  compute sane physi- 
cal q u a n t i t i e s  upon which t h e  rates of change of the  spec ies  
concentrations and t h e  o ther  dependent va r i ab les  depend, The 
a c t u a l  ca lcu la t ions  of t h e  r a t e s  of change a r e  then c a r r i e d  
ou t  i n  subroutine EXACT, 
C W  is c a l l e d  only from subroutine DERIVS, and t h e  c a l l  
t o  CjbMM is always preceded by a c a l l  t o  su5r .x t ine  THERM, which 
computes t h e  species  p roper t i e s  a t  t h e  cu r ren t  nondiinensional 
temperature, CT = T/TO. I n  me case of an e l e c t r o n i c  nonequi- 
l ibrium model, DERIVS calls THEW twice t o  obta in  t h e  required 
p roper t i e s  a t  both the  gas  temperature CT and t h e  e l ec t ron  tem- 
pe ra ta re  CTE = TJTO. 
! To f a c i l i t a t e  the  discussion,  t h e  correspondence of some- of t h e  Fortran symbols with the mathematical nota t ion  used i n  
Volume I i s  reviewed i n  t h e  following table. Symbols not  l i s t e d  
here are defined i n  Section 4.77. 
CLKR J n  kr 
CLNPI (I) R n  pi 
CLNlMC ( I )  In ( 1  - X i) 


















L ( p 7 j), sum over t h i r d  bodies 
In ( R ~ T )  or h (ROTe), argument i n  3 
awrnole 
f n ( p R ~ T )  or Pn ( p R&) , argument in 
atm-g  /male 
T/TO for L = 1: T ~ T ~  for L = 2
sum over third-body species  j ' 
. , 
where T1 is T or  Te 
0 
' XKJATD(J,L) ,A j '(T8)/ROT ', where T1 = T f o r  L = 1, 
T I , =  Te f o r  L = 2 
z l  ( i /u) ,  f o r  u i n  d s e c  
Subroutine C@MM may be  dividod, f o r  purposes of explana- 
' t i o n ,  i n t o  three par t s :  an i n i t i a l i z a t i o n  sec t ion ,  a main 
loop over t h e  reac t ions ,  and a f i n a l  sect ion,  These p a r t s  
of t h e  subroutine w i l l  now be discussed, 
3.9.1 I n i t i a l i z a t i o n  Section 
T h i s  sec t ioa  extends from t h e  svbroutine en t ry  po in t  
through t h e  statement RCALC = .FALSE. (card C@M 107). It 
sets up the  ALGJ array;  computes a number of .sums which a r e  
required l a t e r  i n  C@KY o r  i n  other  p a r t s  of NATA, caJ-culates 
t h e  nondimensional flow ve loc i ty  S U  from the  energy equation 
I(245), and c a l l s  subroutine GEgM t o  compute t h e  gas densi ty ,  
I n  addi t ion,  it contains  the  con t ro l s  f o r  in te rmi t t en t  
dumping of d iagnos t ic  da ta  i n  the  nonequilibrium routines.  
The i nd ica to r  f o r  these dumps is t h e  in tege r  var iable  ISWSB 
i n  blank common. ISWSB i s  p r e s e t  t o  zero, For the  zero 
value, no duiips a r e  produced. I f  ISW5B i s  s e t  i n  the  input  
t o  a p o s i t i v e  value, then dumps a r e  produced each t i m e  CfdblM, 
EXACT, RNICC, o r  PRTA is cal led.  These dumps provide a de- 
t a i l e d  t r a c e  of the  operation of the  nonequilibrium integra-  
t ion ,  b u t  give severa l  pages of p r in ted  output f o r  each inte-  
g ra t ion  step.  Thus, it is hardly feas ib le  t o  run a complete 
so lu t ion  with continuous dumps. However, operation of  t h e  
-. nonequilihrium rou t ines  a t  l a t e .  s tages  i n  t h e  so lu t ion  can 
be s tudied by c a l l i n g  f o r  in te rmi t t en t  dumps. This is  done 
by s e t t i n g  ISW5B t o  a negative value i n  t h e  input.  Upon t h e  
f i r s t  e n t r y  i n t o  Cf&M, t h e  va r i ab le  ICYCLE i s  then r e s e t  
from i t s  p r e s e t  value of 90000000 t o  I ISW5B . The counter 
IC@UNT is incremented by 1 every t i m e  CgMM i s  entered. When- 
ever IC@JNT i s  an exact  mul t ip le  of ICYCLE, ISWSB is  r e s e t  
t o  1; otherwise, it i s  r e s e t  t o  0. Thus, upon every ICYCLEth 
en t ry  i n t o  cfdMM, +he dumps are switched on and a r e  produced 
i n  a l l  of t h e  conequilibrium rout ines  u n t i l  CplPIM i s  entered 
t h e  next  time, when they a r e  switched off again. The coding 
of these  con t ro l s  is i n  the  f i r s t  nine exzcutable statements 
of C@EW. 
I 3.9.2 Main Loop Over t h e  Rea~:- ions  
The main ca lcu la t ions  i n  CfiPIM a r e  performed i n  a l a rge  
loop headed by t h e  statement, D$ 460 I = 1, ISR (card 
C@M 109) . Figure 7 i s  a flowchart of t h i s  main loop. I n  
essence, t h i s  loop performs only two functions: 
1) F i r s t ,  it computes t h e  q u a n t i t i e s  P i x i  appear- 
ing i n  t h e  r a t e  equations I(287).  
2) Second, i n  t h e  case of an e l e c t r o n i c  nonequili- 
brim model, it evaluates  t h e  energy t r a n s f e r  
t o  t h e  e l ec t ron  gas qe and t h e  r ad ia t ive  l o s s  
Gr due t o  t h e  react ions.  
The q u a n t i t i e s  Pi and X, a r e  computed from equations 
I(288) and I(289) , respect iveiY,  i n  logarithmic form: 
n 
Compute c o n t  r i b u  t l o n s  
to QUIIC, O D I I H  tJIcrlr (11-0. 
J Figure 7. I'low Chart of Plail, Loop mar  I:caciionr, i n  Sul ,rout i t~c  C0SLY 
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I n  equation (40). the  equilibrium constant  Ki i n  I(289) has 
been expressed i n  terms of more, b a s i c  using equa- 
t i o n  I(278). I n  the  summations indicated i n  (39) and (40) ,  
terms i n  which the  s toichiometr ic  f a c t o r  Vij o r  Pij is  
zero a r e  omitted. 
-. 
I f  ,!n (1 - X .) i s  l e s s  than 20, Pi and X .  a r e  computed 
from (39) and (43) using 1 
Pi = exp ( I n  pi) 
L 
X i  = 1 - exp[.itn (k - x.11 1 
and Pi X i  is  obtained by mul t ip l ica t ion .  On the  o t h e r  hand, 
i f  .fn ( 1  - X . )  i s  g r e a t e r  than o r  equal  t o  20, s o  t h a t  
(1 -Xi) i s  $eater than 4.85 x lo8, the  term 1 i n  (1 -ni) 
is neglected and t h e  product P ~ X ~  i s  computed a s  
This algorithm allows t h e  computation of a f i n i t e  P i x i  
value in s i t n t l o n s  where Pi i s  so  small  t h a t  an exponential  
underflow oscurs i n  (41) ,but  Xi i s  negative and so la rge  
t h a t  Pi X .  is within t h e  range representable  by f loa t ing-  
po in t  nude-rs. It a l s o  makes possible  a simple treatment 
of the  spec ia l  cases  which a r i s e  when one or  more of the  
'j are zero,  a s  discussed below. 
If a list of third-body ( c a t a l y t i c )  species  has  been 
spec i f ied  f o r  the  reac t ion ,  the  expression I(288) 
replaced by 
F w . - 1  n , 7 
f o r  Pi 
i n  which the  sum on the  r i g h t  is  over the  third-body species  
specif ied.  The corresponding logarithmic expression i s  (39) 
with a term fn ( /J Yk) added t o  the r igh t .  The t h i r d  
bodies do not  affecGb X.. Equation (44) may be derived from 
I(283) and I(287) by noting t h a t ,  f o r  a c a t a l y t i c  species  
(k), -t'i'~,= ?/'ik = 1. Thus, a f a c t o r  p Tk can be removed 
from both terms on t h e  r i g h t  i n  I(283).  I f  the  ith react ion 
involves more than one third-body species ,  each such species  
g ives  a separate  three-body react ion.  The e f f e c t s  of these  
reac t ions  can be summed t o  g ive  a s ing le  reac t ion  with an 
e f f e c t i v e  third-body concentration which i s  t h e  sum of the  
concentrations of the a c t u a l  c a t a l y t i c  species ,  a s  i n  (44). 
I n  the  case of an e l ec t ron ic  nonequilibrium gas model, 
t he re  a r e  two temperatures, t h e  gas  temperature T and t h e  
e lec t ron  temperature T,. The forward reac t ion  r a t e  kf i  can 
depend on e i t h e r  T o r  T,, o r  both,  o r  ne i ther .  The form of 
temperature dependence of kf i  is  speci f ied  by the  a r r a y  KTF(I), 
I f  the  indica tor  KF = KTF(1) i s  equal t o  1, kfi  i s  given by 
1(69), I f  KF i s  equal  t o  2, the  temperature T i n  I(69) is  re- 
placed by Te. This procedure i s  coded by placing the two non- 
dimensional temperatures i n t o  a two-element a r ray  CTD(L), and 
placing the  logarithms of the  two temperatures (expressed i n  
degrees Kelvin) i n t o  an a r r a y  CLNTD(L). Both cases  a re  then 
t r ea ted  by a s ing le  formula involving cTD(KF) and CLNTD(KE') , 
i.e., statement 190 of CgMM, which evaluates  Ln kfi  from 
where Tk i s  equal  t o  T for k = 1 arld equal t o  T, f o r  k = 2, 
I n  (45),  h C i =  & A ~ -  q i I n ( 1 0 * ) .  
. . 
Three spec ia l  forms f o r  the  forward react ion r a t e ,  used 
i n  the  e l ec t ron ic  nonequilibrium model f o r  argon (Appendix A 
, , i n  Volume 11) , a r e  indicated by KTF (I) = 3 ,  4 ,  and 5 .  For 
KTF(1) = 3 ,  kf i s  assumed t o  be given by 
1 where E i  i s  a  parameter wi th  dimensions of energy. For 
KTF(I) = 4, 
J. 
max (1,  Z) 
-. where 
Here R is  t h e  l o c a l  nozzle r a d i u s  (o r  equ iva l en t  r ad ius  i n  
t h e  case  of a  channel) , arid Y, is the  conr pn t r a t i on  of t h e  
product  atom i n  t he  r eac t ion .  For KTF(1) = 5, 
I n  NATA, t h e  r eve r se  r a t e  cons tan t  kri is ca l cu l a t ed  
from t h e  deta i led-balancing r e l a t i o n  I (277)  , using the  equi- 
l ibr ium cons tan t  Ki, equat ion I (278) .  I n  e l e c t r o n i c  non- 
equi l ibr ium gas  models, t h e  coding of cBMM al lows f o r  t h r e e  
types of temperature dependence of Ki. I f  t h e  i n d i c a t o r  
KR = KTF(I) i s  zero ,  t h e  reverse  r eac t ion  i s  assumed t o  occur 
only a t  a n e g l i g i b l e  r a t e .  I f  KR is 1, K i  i s  ca l cu l a t ed  from 
I (278)  using t h e  gas  temperature T. I f  I R  = 2, t h e  tempera- 
t u r e  T i n  I (278)  is  replaced by Te. The chemical p o t e n t i a l s  
.O i n  I (278)  a r e  temperature dependent. During c a l c u l a t i o n s  
basad on an e l e c t r o n i c  nonequilibrium model, bo th  p j O ( ~ )  and
( T )  a r e  computed, and these  d a t a  a r e  s to red  i n  t he  
dougly dimensioned a r r a y  XMJAT (J, L) with  dimensions (20,2) . 
The coding of equat ion (40) u t i l i z e s  t h e  a r r a y  wi th  t he  index 
L = I(R s o  t h a t  bo th  cases  can be  t r e a t e d   sing a s i n g l e  for-  
mula, card  CBM 153. 
Cases i n  which one o r  more of t h e  concent ra t ions  Y = 0 j 
r equ i r e  some s p e c i a l  cons idera t ion  because 02 t h e  appearance 
of /4nY . i n  t he  formulas used i n  CBMM. I n  NATA, the  Y a r e  j 
represeated by t h e  double p r e c i s i o n  a r r a y  GJ (J) . A ze ro  
I 
value f o r  an element of t h i s  a r r a y  could come about  i n  one 
of two ways: 
One of t h e  concent ra t ions  GJ(J) could underflow 
as a r e s u l t  of i t s  decrease  dur ing  t h e  flow so l -  
u t i on .  However, t h i s  i s  most un l ike ly  t o  occur 
i n  p r a c t i c e  because,  t o  underflow, G J ( J )  must 
f a l l  below 10'' (on the  IBM 360/75) o r  below 
(on t h e  UNIVAC 1108). Since G J ( J )  can 
decrease  by no more than 10 pe rcen t  i n  a s i n g l e  
i n t e g r a t i o n  s t e p  because of s t e p  s i z e  c o n t r o l s ,  
t h e  nuniber of  s t e p s  requi red  t o  reach underflow 
from i n i t i a l  r e s e r v o i r  va lues  of (say) 1.0-l t o  
i s  of t h e  o rde r  of 1000 o r  more, even on 
t h e  IBM 360. Also, un less  t h e  c o n t r o l  parameter 
GAMIN were s e t  t o  zero,  t h e  decrease  of GJ(J) 
would b e  stopped, long be fo re  under£ low was 
reached,  by t h e  f r eez ing  of minor spec i e s  (Sec- 
t i o n  7.5.3 of Volume I) . 
(2)  A ze ro  GJ(J) va lue  could arise a c c i d e n t a l l y ,  
at an in te rmedia te  p o i n t  i n  t h e  Treanor-Runge- 
Kut ta  i n t e g r a t i o n  s t e p ,  as a r e s u l t  of a nega- 
t i v e  A Y . which happened t o  t e  e x a c t l y  equal  
in magnitade t o  t h e  Y value  a t  t h e  start of 
t h e  s tep .  This  i s  q u i i e  un l ike ly ,  b u t  it couid 
happen. 
To a l low f o r  t h e s e  r a t h e r  remote p o s s i b i l i t i e s ,  t h e  cod- 
i ng  of CgMM i s  designed t o  cope wi th  ze ro  concent ra t ions  i f  
they  should occur. , I f  one of t h e  spec i e s  concent ra t ions ,  
-"kl i s  zero,  four  s p e c i a l  cases  czn arise, depending upon t h e  values  of t h e  s to i ch iome t r i c  c o e f f i c i e n t s  I 
in t h e  r e a c t i o n  I (219) :  i k  
Case 1: - 
Yik 
 Y'  = 0 
ik 
Case 2: yik= 0 ,  iik> o 
1 Case 3: Y i k > O ,  v i k = O  (SOc) 
Case 4: 
pik 
0 ,  Y > o  
i k  
1x1 t he  Cornel l  Aeronautical Laboratory program from which 
NATA was derived, each of these cases was t rea ted  separa te ly  
by spec ia l  coding. I n  the  present  version of the code, a l l  
of these cases  a r e  t rea ted  using t h e  formulas (39) t o  (44) 
with the  a i d  of a computational a r t i f i c e .  
Cases involving zero species  concentrations requi re  
spec ia l  considerati.on because of t h e  appeararice of 2 n y  i n  j t h e  formulas (39) and (40). Any attempt of t h e  program t o  
evaluateYt1 0 would lead t o  immediate termination of the  run 
tihe computer operating system. I n  subroutine CjdMM,the quanCi t i a s  
1 n lj a r e  s tored i n  an a r ray ,  ALGJ(J). For species  whose concen-- 
t r a t i o n s  '). a r e  zero,  ALGJ(J) i s  s e t  t o  a la rge  negatfve nl.mker, L, j 
whose magnitude i s  chosen i n  accordance with t h e  following c r i t e r i a :  
(1) L must be s u f f i c i e n t l y  la rge  i n  magnitude t h a t ,  
even when combined add i t ive ly  with other  t e r m s  
as indicated '  i n  (39) and (40) , it i s  s u f f i c i -  
e n t l y  negative t o  produce a guaranteed exponential  
underflow, i . e . ,  
exp (L + other  terms) = 0 (exact ly)  (51a) 
This w i l l  happen so long as t h e  argument of the ex- 
ponent ia l  function i s  l e s s  than about -88 on the  
UNIVAC 1108 o r  l e s s  than about -180 on the  IBM 
360/75. 
(2 )  L must be s u f f i c i e n t l y  small i n  magnitude t h a t  
t h e  operation 
L 4- other  terms - L = other  t e r n s  (51b) 
gives a r e s u l t  f o r  "other  terms" containing scv- 
e r a 1  s i g n i f i c a n t  d i g i t s  of accuracy. The "other  
terms" i n  equat ions  (39) and (40) a r c  all 
3 a t u r a l  l oga r i t lms  of t h e  va lues  of phys i ca l  
q u a n t i t i e s  whose va lues  l i c  roughly i n  t h e  
rangc t o  t hus ,  t h e  logari thms 
range from about -50 t o  +50. The second con- 
d i t i o n  can t h u s  bs s a t i s f i e d  by t a k i i ~ g  L t o  
be  l e s s  than about l o 4  o r  105. If L were 
chosen t o  be much l a r g e r ,  say then  t h e  
f i r s t  zdd i t i on  i n  ( Ib) would g ive  L + o the r  
t e r m  = L ( exac t ly )  on t h e  UdIVAC 1108, be- 
cause t h e  change !-I L due t o  add i t i on  02 t h e  
"o the r  terms" would be l e s s  than t h e  accuracy 
wi th  which L can be represen ted  a s  a f loatir lr  
p o i n t  number (about 8 s i g n i f i c a n t  f i g u r e s ) .  
I n  subrout ine  C@~LY, L has  been chosen t o  be -';. ,00, P. 
value  which c l e a r l y  s a t i s f i e s  bo th  condi t ions .  
Now assume t h a t  a p a r t i c u l a r  ~ ~ ~ i c e n t r a t i o i l  Yk i s  zero.  
With In-)' = L, t h e  formulas (39) a.,d (40) t r e a t  t h e  four  cases  
(50) as $allows: 
I 
I I n  Case 1, vik and ik a r e  bo th  zero,  s o  t h a t  t h e  
term Rn -/l, does no t  a c t u a l l y  appear i n  e i t h e r  (39) or (40 ) .  
I n  t h i s  ca se ,  according t o  (50a ) ,  t h e  spec i e s  k whose canceri- 
t r a t i o n  "/ i s  z e r o  does n o t  p a r t i c i p a t e  i n  t h e  r e a c t i o n  as k 
e i t h e r  a r e a c t a n t  o r  a product.  
I n  Case 2 ,  l'nY does lot  appear i n  ( 3 9 ) ,  s o  t h a t  chc 
k eva lua t ion  of i n  Pi proceeds normally. However, f i  ik = 7' ik 
i s  p o s i t i v e ,  s o  t h a t  t h e  r i g h t  hand s i d e  of (4.0) conta ins  a 
term v' ik L which i s  nega t ive  and l a rge  i n  magnitude. The 
r e s u l t i n g  exponent ia l  underflow dur ing t h e  e v a l u a ~ i - o n  of ( 4 2 )  
then g i v e s  X, = 1. W i s  i s  t h e  c o r r e c t  r e s u l t  fcr t h i s  cose ,  
ik s i n c e  yk i s  a ze ro  f a c t o r  i n  t he  second tern1 on t h e  
r i g h t  i n  equat ion I(289). 
I n  Case 3, equat ions  (39) anc! (40) ccln be  w r i t t e n  
H e r e  t h e  t e r m  - V. L on t h e  r i g h t  i n  (52b) is p o s i t i v e  and 
very large;  thus,'$uation (42) i s  not used and t h e  product 
Pi Xi i s  evaluated using (43),  which g ives  
The terms involving L have cancelled out. The v a l i d i t y  of 
equation (53) f o r  Case 3 can be verified d i r e c t l y  by multi- 
plying equation I(288) a i ~ d  I(289). l e t t i n g  Y k - r  0. and taking 
(50c) i n t o  account, 
I n  C a s e  4, equations (39) and (40) givz 
In pi = h (4 +Inkfi  + ( vi- 1) 1" + v . .  .P" yj 
u = 3 2 f~ 
I 
Addition of these two equations g ives  
Since ik L i s  negative and l a rge  i n  magnitude, (55) im- 
p l i e s  t h a t  
Also, (54a) and (41) give Pi = 0; thus,  Pi Xi = 0. This re- 
s u l t  is c o r r e c t  f o r  Case 4, a s  may be  seen by s e t t i n g  one of 
I t h e  Yk t o  zero i n  I(286) and taking (Sod) i n t o  account. 
I 
The preceding ana lys i s  can e a s i l y  be  generalized t o  in- 
clude cases  i n  which more than one of t h e  concentrations i s  
zero. Thus, t h e  a r t i f i c e  of s e t t i n g  &-I Y = L when Yk = 0 k provides a s a t i s f a c t o r y  treatment of a l l  cases  t h a t  can a r i s e .  
In ca lcu la t ions  f o r  a chemical   on equilibrium nodel 
(NT = 1). t h e  main loop provides only ca lcu la t ions  of Pi and 
P .  X .. I n  ca lcu la t ions  f o r  an e l e c t r o n i c  nonequilitrium model 
t t e  ioop a l s o  computes t h e  cont r ibut ions  t o  the  energy t rans-  
f e r  t o  the  e l ec t ron  gas (QDPE) and the  r a d i a t i v e  power l o s s  
(QDPR) . These computations a r e  provided by the  coding below 
statement 390, and simsly c o n s i s t  of evaluaticn of t h e  formu- 
las 
which a r e  obtained by corrbining equa t ions  I (320)  and f (321b, c )  . 
I n  equat ions  (57) ,  ( ,\e ) and ( A&) denote the c o n t r i b u t i ~ n s  
of t h e  i t h  r e a c t i o n  t o  8, and Gr,  r espec t ive ly .  The energy 
p a r t i t i o n  parameters . , Eri, q f i ,  qri are obtained by cal -  
r l i n g  subrout ine  EPART. E f f e c t s  of third-body spec i e s ,  i f  any, 
a r e  taken i n t o  accounc u s i ~ g  t h e  q u a n t i t y  CLTBF =An ( f t b  7.1,  ,
a l r eady  evaluated dur ing  t h e  computation of Pi Xi. 
3.9.3 F i n a l  Sect ion 
Af t e r  t h e  main loo2 over t h e  r e a c t i o n s  has  Seen completed, 
C@X!Y checks t h e  va lue  o f  INEQ. I f  this indlcatcr is zers (i.z., 
i f  t h e  pe r tu rba t ion  technique i s  s t i l l  Seing used t o  genera te  
t h e  flow s o l u t i o n ) ,  t h e  RETURN is executed immediately. I f  
INEQ is  nonzero (i .e. ,  i f  t h e  numerical  i n t e ~ r a t i o n  o f  t h e  
rate equat ions  has  been s t a r t e d ) ,  Sfl?W4 c a l c u l a t e s  t h e  non- 
dimensional p ra s su re ,  PRES = p/pO. I f  a chemical nonequil i-  
brium model i s  being used, t h e  p re s su re  i s  computed fro-n equa- 
t i o n  I(273) i n  t h e  form 
If an e l e c t r o n i c  nonequil ibrium model i s  i n  use,  equat ion 
I (323)  i s  used t o  c a l c u l a t e  t he  p re s su re  i n  t h e  form 
I n  e i t h e r  case ,  p/pO i s  then divided by R@BARA = &,/ pO t o  
e l imina t e  t h e  e f f e c t s  of gas  imperfect ions ,  i f  any, upon t h e  
value of t k e r e s e r v o i r  d e n s i t y ,  13 This i s  done because gas  0' 
. imperfections a r e  n o t  taken i n t o  account i n  t h e  nonequii i-  
brium i n t e g r a t i o n ,  a s  explained i n  Sec t ion  2.5 of Volume I. 
I n  add i t i on ,  t h e  gas  entropy i s  ca l cu l a t ed  from equat ion I (251) .  
If an e l e c t r o n i c  nonequilibrium model is i n  use,  C@MM 
computes t h e  contr ibut ion t o  t h e  e lec t ron  energy t r a n s f e r  
4, from e l a s t i c  c o l l i s i o n s ,  using the formula 
where f o r  n e u t r a l  spec ies  f ,  t h e  c o l l i s i o n  frequency Y,i is 
given by 
1 
and f o r  ion ic  spec ies  
These formulas a r e  derived i n  Appendix A of Volume 11; see 
equations I1 (25-31). The nota t ion  i s  
wetwj . molecular weights f o r  e l ec t ron  and jth species  
n =N@Te e l ec t ron  concentration 
e 
n j concentration of a n e u t r a l  atom o r  molecule 
n concentration of an ion  i 
( 1 , l )  
Ve j Maxwell-averaged momentum t r a n s f e r  c ross  sec- t i o n  (assumed the  same for  a l l  neu t ra l s )  
me 
e lec t ron  mass 
k Boltzmann constant  
No Avogadro number 
e e l e c t r o n i c  charge (esu) 
I n  NATP., t h e  c ross  sec t ion  - Qej (Id is obtained by c a l l i n g  
the  function PIJ&EG(TEP). The constant  f a c t o r s  i n  (61) and 
(62) a r e  represented by V J C 1 ,  VIC2, and VNC, and a r e  p r e s e t  
i n  a da ta  statement i n  C@fiIM. Equation (60) i s  evaluated 
s t raightforwardly,  and t h e  r e s u l t  Q E W  = ( ~ 4 , )  is  
added t o  the  4, due t o  t h e  r eac t ions  t o  obta in  tf$a50tal 
r a t e  of energy t r a n s f e r  t o  t h e  e l ec t ron  gas. 
3.10 Subroutine CXSECT 
Subroutine CXSECT is used by subroutine XSECT t o  deter-  
mine t h e  correspondence between species  p a i r s  i n  t h e  master 
species  l ist  f o r  t h e  code and i n  the  rearranged spec ies  list 
s tored  i n  t h e  common va r i ab le  I(J) (see t h e  discussion of 
subroutine XSECT below). When t h e  subroutine i s  c a l l e d  with 
i t s  arguments s e t  equal  t o  t h e  ind ices  of a p a i r  of species  
i n  t h e  master species  list, it re tu rns  t h e  arguments a s  t h e  
indices  of t h e  corresponding species  p a i r  i n  t h e  rearranged 
list. If  t h e  o r i g i n a l  ind ices  a r e  denoted by L , J ,  t he  cor- 
responding revised ind ices  are I (L) , I(J) i f  L-J and I (L) - I ( J )  . 
have t h e  same sign,  and are I ( J ) ,  I ( L )  otherwise. 
3.11 Subroutine DERIVS 
During the  nonequilibrium solu t ion ,  t h e  de r iva t ives  of 
t h e  dependent va r i ab les ,  including the  tpec ies  concentrations,  
are ca lcula ted  by c a l l i n g  subroutines THERPI, C@FIM, and EXACT 
i n  sequence, I f  an e l e c t r o n i c  nonequilibrium gas model i s  i n  
use, THERM must be c a l l e d  twice, once with CT = T/TO, and once 
with CT = Te/TO, t o  provide species  p roper t i e s  a t  both t h e  
gas temperature and the  e l e c t r m  temperature. The use of these  
p roper t i e s  has been explained i n  the  ana lys i s  of subroutine 
C@MM. Also, i f  t h e  boundary layer  is  keirig included i n  the  
flow solu t ion ,  an i t e r a t i o n  L s  necessary t o  determine the  
se l f -cons is ten t  so lu t ion  f o r  the  boundary layer  displacement 
thickness 6 * and the  de r iva t ives  of the flow var i ab les  (Sec- 
t i o n  7.6 of Volume I) .  These ca lcula t ions  a r e  ca l l ed  f o r  a t  
severa l  loca t ions  i n  subroutines NgNEQ and RNKT, For compact- 
'ness  of coding, these. 'bperations a r e  a l l  placed i n  a s e p a r ~ t e  
s S r o u t i r r  , DERIVS. 
For an e l e c t r o n i c  nonequilibrium model (TN = 2 ) ,  DERIVS 
saves t h e  current  value of CT i n  t h e  locat ion CTSAVE, resets 
CT t o  CTE = Te/TO, and c a l l s  THERE1 t o  compute the  species  
0 p roper t i e s  a t  t h e  e l ec t ron  temperature. The values pi (Te)/ 
ROTe a r e  s tored d i r e c t l y  i n t o  ?(EUATD ( I ,  2 )  . The enthalpy, 
s p e c i f i c  hea t ,  and entropy of the  e l ec t rons  a r e  saved tempo- 
r a r i l y  i n  the  loca t ions  WE, CPJE,  and SENTE. Then CT is 
reset t o  t!:e value T/TO and THERM is  ca l l ed  again t o  compute 
t h e  species  p roper t i e s  a t  t h e  gas temperature. THEXM over- 
w r i t e s  t h e  previously ca lcula ted  d a t a  f o r  t h e  e l ec t rons  
(species  l), b u t  these  a r e  r e s e t  from HJE, CPJE, and SENTE. 
For a chemical nonequi l ibrium mode 1 (NT = 1) , THERM i s  
ca l l ed  only oncz, t o  obtain t h e  p roper t i e s  f o r  a l l  t he  spec- 
ies a t  t h e  gas  temperature, T. 
I n  e i t h e r  case,  DERIVS next  c a l l s  C$-lrlM and EXACT t o  c o w  
pu te  t h e  de r iva t ives  of t h e  s ~ e c i c s  concentrations and o ther  
dependent var idbles .  It then app l i e s  t h e  condition I(407b);  
i f  t h i s  condition i s  v io la ted ,  the i nd ica to r  FAILED i s  set 
I t o  ,TRUE, and a RETURN i s  executed, I The remaining por t ion  of DERIVS con t ro l s  t h e  i t e r a t i o n  
t o  obtain a se l f -cons is ten t  so lu t ion  f o r  t h e  boundary layer  
displacement thickness  and the  de r iva t ive  d/;'nM/dx of the  
logarithm of the  Mach number. I f  t h e  boundary layer  is n o t  
being included i n  Lhe £107;: so lu t ion  (ISFJ3B = 0 ) ,  o r  i f  t h e  
so lu t ion  i s  s t i l l  i n  the  upstream (uncoupled) region (IUPD = I) ,  
t h i s  i t e r a t i o n  is  no t  perfomed. The techfiique used i n  t h e  
i t e r a t i o n  i s  explained i n  Section 7.5 of Volume I, i n  the  vic- 
i n i t y  of equation I(424). 
DSMSPL i s  t h e  subroutine c a l l e d  f o r  simultaneous solu- 
t i o n  of systems of l i n e a r  equations i n  t h e  ca lcula t ion  of 
thermochemical equilibrium condit ions,  i n  the equilibrium 
flow solu t ion ,  and i n  the  nonequilibrium solut ion.  The cai-  
l i n g  sequence f o r  DSMSPL was embodied i n  t h e  o r i g i n a l  program 
version received from Cornel l  Aeronautical  Laboratory ( refer -  
ence 6 ) ,  b u t  the subroutine i t s e l f  was not  provided by CAL be- 
cause it was wr i t t en  i n  machine languagz and would not be oper- 
ab le  on o ther  types of computer system. To providc the  required 
c a p a b i l i t y  f o r  s o l u t i o n  of systems of equa t ions ,  subrout:ne 
SIMQ from t h e  IBM S c i e n t i f i c  Subroutine lackage ( r e f e rence  
7) was incorporated i n t o  NATA, and a For t r an  DSMSfiL r o u t i n e  
was w r i t t e n  t o  rear range  the  d a t a  f o r  t h e  equat ions  from t h e  
form provided by the  CAL r o u t i ~ e s  i n t o  t h e  form requi red  by 
SIMQ. 
For a system of l i n e a r  equa t ions  
2 ajkxk = b j  ( j  = l,.... i )  
k= 1 
i n  i unknowns (xl . . . , x i ) ,  NATA s t o r e s  t i le  c o e f f i c i e n t s  
a j k  and cons t an t s  b j  i n  t he  double p r e c i s i o n  a r r a y  Aq i n  
un labe l led  common, The dimensions of  AA are (22,24) ,  The 
matr ix  of c o e f f i c i e n t s  a i s  s t o r e d  as jk 
j = l,..., i 
ajk = "(j ,k)  
k = l,..., i 
1 
The cons t an t s  b are s to red  as j 
Subroutine SIMQ (d isccssed  below) r e q u i r e s  t h a t  t h e  coef- 
f i c i e n t s  a .  be  s to red  co lumwise  i.n a s i n g l y  dimensioned 
a r r a y  A, wl rhout  gaps ,  and t h a t  t h e  cons t an t s  b .  be  s to red  i n  
an a r r a y  B. DSMSjZJL reorganizes  t h e  d a t a  i n t o  t i i s  form, us ing 
t h e  s to rage  loca t ions  of  t h e  a r r a y  AA t o  conta in  A and B. T\e 
a r r a y  A i s  ass: ~ e d  t o  tine f i r s t  i2 s to rage  loca t ions  i n  AA, 
t h a t  is, A A ( ~ ,  1) , A A ( ~ ,  l), . . . , A(22,1) ,  A ~ ( 1 , 2 ) ,  AA(2,2), , , . 
The a r r a y  B i s  ass igned t h e  f i r s t  i s to rage  loca t ions  i n  t he  
23rd column of  AA, t h a t  i s ,  AA(1,23), . . . , AA(i,23). I f  t h e  
n.ymber of equat io-s  i i s  equa l  t o  22, t h e  reorganiza t ion  
leaves  t h e  matr ix  AA unal te red ,  I f  i i s  less than 22, t h e  
c o e f f i  i e n t s  a are s h i f t e d  dotm s o  a s  t o  f i l l  up t h e  f i r s t  jk 
columns of AA w ~ t h o u t  gaps, and t h e  cons t an t s  b a r e  s h i f t e d  j 
up i n t o  the  previously unused 23rd column. After  SIMQ has 
been ca l l ed ,  the  solut ion values xk provided by S I M Q  a r e  
sh i f t ed  from the  23rd column i n t o  the  (i + 1) t h  column, fo r  
use by the  c a l l i n g  routine.  
The coding of DSMSPL i s  straightforward,  and can be fo l -  
lowed e a s i l y  with the help of the  d e f i n i t i o n s  given i n  the  
glossary of Fortran symbols (Section 4.80). 
3. 13 Subroutine DUMP 
DUMP is  p a r t  of the  NATA system f o r  dea1ir.g with pos- 
s i b l e  e r r o r s  i n  code operation. NATA contains  numerous val-  
i d i t y  checks. I f  one of these i s  v io la ted ,  the  rout ine  
i n  which the  e r r o r  was detected c a l l s  DUMP. This small  sub- 
rout ine s e t s  t h e  ind ica to r  ERR t o  .TRTJE. and w r i t e s  a message 
giving the  name RNAP4E of the  c a l l i n g  rout ine ,  It then re tu rns  
con t ro l  to tile c a l l i n g  rout ine.  The c a l i i n q  rau t ine  tken exe- 
cu tes  a RETURN. A t  each higher-level rout ine ,  statements of 
t h e  form IF(ERP) RETURN pass  c o n t r o l  up i s  s t i l l  higher lev- 
els u n t i l  t he  main proqram i s  reached. I n  MAIN,  when a .TRUE. 
value of ERR i s  detected,  subroutine DUI?!PEX i s  c a l l e d  t o  
p r i n t  diagnost ic  da ta  (see be la^). After  t h e  r e tu rn  from 
DUMPEX, MAIN proceeds-as  i f  a normal case completion had 
occurred; i . e , ,  t he  job i s not terminated unless  t h e  inpu t  
ISW4A ? s  zero. 
Or ig ina l ly ,  the  operat ions now performed by DUMP 
DUMPEX were included i n  a s ing le  subroutine ( ca l l ed  DITMP). 
When NATA become so la rge  t h a t  it had t o  be run using overlay 
on t h e  UNIVAC 1108, the  o r i g i n a l  DUMP rout ine  was divided i n t o  
two p a r t s ,  and t h e  l a rge r  of these  (DUMPEX) was placed i n t o  a 
separate  overlay segment so  a s  t o  minimize t h e  ccze s torage  
requirement. 
3.14 Subroutine DUMPEX 
DUMPEX produces the  d iagnos t ic  dumps when an e r r o r  has 
been detected i n  t h e  operation of t h e  coc?e, The rout ine  con- 
t a i n s  unlabelled common and many of thc lclbclled cominon blocks 
usec i n  NATA. When DUMPEX i s  executed, most of t h e  var iables  
and a r rays  l i s t e d  i n  these common statements a r e  pr in ted  out 
I i n  namel is t  format. I n  a d d i t i o n t i £  a b ina ry  t ape  of d a t a  f o r  
p l o t t i n g  i s  being w r i t t e n  (DATAPE = .TRUE.), DUlIPEX back- 
spaces t h i s  t ape  t o  e l imina t e  a l l  of t h e  records  w r i t t e n  
dur ing t h e  c u r r e n t  case.  
3.15 Subroutine ELC~ND 
-. 
Subroutine ELCJdND computes t h e  e l e c t r i c a l  conduc t iv i ty  
SIGMA of t h e  gas  i n  mhos/cm from equat ion I ( 9 8 )  u s i n  
va lues  of SSIG = (e/k12/ f i  and Q(1,I.J) = k-ld? i i igpfz~n-  i ' puted i n  subrout ine  TRANSP. I n  t h i s  computation it 12 as- 
sumed t h a t  i f  e l e c t r o n s  a r e  p r e s e n t  i n  t he  gas ,  they  are the  
f i r s t  species .  I f ,  on t h e  o the r  hand, elect .rons are not  pre- 
sexit (IELEC = 0) , t h e  electrical conduc t iv i ty  i s  s e t  t o  
0.0 and t h e  computation i s  bypassed, 
3.16 Subroutine ELTIME 
The f u n c t i o n  o f  subrout ine  ELTIME is t o  determine and 
p r i n t  o u t  t h e  e lapsed execut ion t i m e  s i n c e  t h e  beginning of 
t h e  run. When NATA i s  run on t h e  UNIVAC 1108, ELTIME uses  
1 t h e  u t i l i t y  r o u t i n e s  I .SET and TIME, which a r e  , "ovided by 
t h e  EXEC I1 operat ing system, When t h e  code i s  used on t h e  
IBM 360/75 a t  Avco, the func t ions  of RESET and TIME are simu- 
l a t e d  by a sinall For t r an  program ( c a l l e d  RESET, Sec, 3.58) 
which u t i l i z e s  t h e  system subrout ine  ACUCPU. 
ELTlME conta ins  a l o g i c a l  i n d i c a t o r  CALLED, which i s  
p r e s e t  t o  .FALSE. i n  a d a t a  statement. When ELTIME i s  c a l l e d  
f o r  t h e  f i r s t  time i n  a job, a test  on CALLED leads  t o  a c a l l  
t o  RESET, which i n i t i a l i z e s  t h e  time counter  I f o r  subrout ine  
TIME t o  0,  and ET$ and ET are both s e t  t o  zero. Also, CALLED 
i s  set t o  .TRUE., s o  t h a t  t h i s  p a r t  of t he  r o u t i n e  i s  bypassed 
when ELTIME is c a l l e d  on subsequent occasions i n  t h e  run. 
In  such subsequent c a l l s ,  ELTIME s e t s  ETP = ETJd, and 
then sets ET$ t o  ET, where ET i s  t h e  va lue  l e f t  i n  s t o r ~ g e  
by t h e  previous  c a l l  ( un l e s s  t h i s  a r g m e n t  has  been a l t e r e d  
by t h e  c a l l i n g  r o u t i n e ) .  Then ELTIME c a l l s  subrout ine  TIME(I), 
which r e t u r n s  t h e  e lapsed t i m e  I s i n c e  t h e  c a l l  t o  RESET, mea- 
sured i n  mi l l i seconds.  ELTIME conver t s  t h i s  t ime t o  seconds 
I and s t o r e s  it i n  ET. Then, unless  t h e  argument: I P  is zero,  
ELTIME converts ET i n t o  minutes and s t o r e s  the  r e s u l t  i n  ETM, 
aqd a l s o  computes t h e  elapsed time DET i n  seconds s ince  the  
l a s t  previous pr in ted  output of t h e  t ine .  A message i s  then 
pr in ted  giving ETM and DET. I f  t h e  p r in ted  message i s  skipped 
because I P  = 0, ETg is r e s e t  t o  ETP t o  maintain i t s  s i g n i f i -  
cance a s  the  elapsed time s ince  the  p r i n t i n g  of t h e  l a s t  time 
message. 
3.17 Subroutine EPART 
This subroutine computes the  parameters governing "he 
p a r t i t i o n  of reac t ion  energy between r a d i a t i v e  l o s s  and 
energy t r a n s f e r  t o  the  e l e c t r o n  gas f o r  each reac t ion  i n  
a  gas  model which includes e l e c t r o n i c  nonequilibrium. The 
arguments i n  t h e  c a l l i n g  sequence a r e  defined i n  Sect ion 3.85. 
The subroutine t r e a t s  s i x  cases ,  o r  types of reac t ions ,  which 
a r e  dis t inguished by an index IT.  I n  the  following discussion 
of these  cases,  E4 = EF and - E r  = -ER denote t h e  energies  
gained by t h e  e l ec t ron  gas i n  one mole of reac t ions  i n  the  
forward and reverse d i rec t ions ,  respect ive ly ;  and qf = QF 
i and -qv = -QR denote the  corresponding energies  l o s t  by rad- ia t ion;  
The s i x  cases a r e  
I I n  these  formulas, E = EO denotes the  energy ava i l ab le  f o r  p a r t i t i o n i n g  betweenothe e l ec t rons  and t h e  r a d i a t i v e  losses ,  
R the  un ive r sa l  gas constant  (1,9872 cal/mole-deg) , and Te 
t g e  e l ec t ron  temperature (OK). 
3.18 Subroutine EQCAIX: 
EQCALC computes the  condi t ions of thermochemical equi- 
l ibr ium a t  spec i f ied  temperature T (OK) and pressure P (atm) , 
using t h e  metkod explained i n  Section 6.1 of Vol*me I. A s  
an a i d  t o  fo l lowing ' the  coding, t h e  correspondence of Fortran 
and mathematical syrribols i s  reviewed i n  the  following l is t :  
BET (I) v *  - 1 ( I  = i-c) 
i-c 
- 
CDIJ(I,J) Y (1 = i -c )  
i-c, j 
CGI ( I )  W i 
QM(I) q i  
zcAP (I) 
ZPZ l n p  
EQCALC f i r s t  saves t h e  cu r ren t  value of t h e  nondimcn- 
s iona l  temperature CT i n  t h e  loca t ion  CTSAVE. This i s  done 
because EQCALC may be c a l l e d  with temperatures T d i f f e r i n g  
from the  temperature a t  t h e  current  flow po in t  ( f o r  example, 
during the equilibrium normal shock so lu t ion) .  The nondim- 
ensional  temperature CT i s  then r e s e t  t o  T/TO t o  allow cal-  
cu la t ion  of t h e  species  thermal p roper t i e s  by c a l l l n g  sub- 
rout ine THERM. 
Next, EQCAIX: computes i n i t i a l  es t imates  of t h e  species  
mole f r a c t i o n s  a n i  r e l a t e d  q u a n t i t i e s .  The mole f r a c t i o n s  
f o r  the  independent species  (I = 1 t o  I S C )  a r e  s e t  t o  qi = 
i QM(I), defined by equation I ( 1 0 ) .  I f  any of t h e  Q M ( 1 )  a r e  zero or  negative (due. t o  roundof f e r r o r s )  , t he  corresponding 
ZCAP(1) values a r e  r e s e t  t o  10-3. Suhroutine THEW i s  then 
ca l l ed  t o  compute t h e  thermal p roper t i e s  of a l l  t he  species  
a t  temperature '2. The mole f r a c t i o n s  f o r  the dependent spec- 
ies (I = I S C  + 1 t o  ISS) a r e  then estimated using equation 
1(224), which can be w r i t t e n  i n  t h e  logarithmic form 




c ~ I T ( i - c )  =-A+  * - 1 ) l n p p  + Ci-c,, 
R T i- c 
0 j=1 
I n  t h i s  ca lcula t ion ,  S K I L ( ~ )  is  used a s  a n  intermediate var i -  
ab le ,  f i r s t  t o  represent  Pn Xi_, , . then Xi-c. I f  the  number of 
dependent species ,  ISMC = n-c, 1s zero,  then t h e  ca lcula t ion  o i  
t h e  dependent spec i e s  mole f r ac t ivno  i s  skipped here  and e l s e -  
where i n  EQCAIX:. 
Once i n i t i a l  es t imates  of t h e  Xi and in  Xi have thus  bcen 
determined, EUCALC e n t e r s  t h e  Newton-Eaphson i t e r a t i o n  based on 
equat ions  I (277)  t o  I ( 2 3 3 ) .  The i t e r a t i v e  loop runs  from s t a t e -  
ment 70 down t o  (bu t  no t  including! statement 220. The cons tan t  
terms F j ,  equat ion I(22.7). i n  t h e  system of l i n e a r  equz t icns  
I(233a) f o r  t h e  c o r r e c t i o n s  h,' are loaded i n t o  t h e  column 
of t h e  mat r ix  A\ by t h e  D(11 loop ending a t  s ta tement  90. Note 
t h a t ,  i n  s ta tement  80, X i  f o r  i = c + 1 t o  n i s  denoted by  
SKIL(i) . Then t h e  mat r ix  of roe£  f i c i e n t s  -xnr ( 2 F ./ a x,) r l  equa- 
t i o n  I (233b) , IS loaded i n t u  t h e  f i r s t  ISC rows aAd columns of 
AA by t h e  nest. of D(11 loops ending at: statement 140. Subroutine-. 
DSMS9L i s  then c a l l e d  t o  so lve  the  system of equat ions  f o r  t h e  
co r r ec t ion  f a c t o r s  hnr. Upor. t h e  retur:l from DSMSgL, t h e  solu- 
t i o n  va lues  f o r  t he se  q u a n t i t i e s  a r e  obtained from t h e  col-  
umn of t h e  matr ix  AA, where M 1  = ISC + 1. 
The cor rec ted  va lues  of  t5e spec i e s  mole f r a c t i o n s  are then 
ca l cu l a t ed .  The mole f r a c t i o n s  f o r  t h e  independent spec i e s  
(i = 1 t o  c )  are obtained using equat ion I (234)  : 
The f i c t o r  1 -I- hkr i s  denoted by ZA. I f  ZA i s  ze ro  qr nega t ive ,  
t h e  co r r ec t ed  mole f rac t i r -n  i s  es t imated by halvin;, ;he previ-  
ous value:  
These c a l c u l a t i o n s  are done i n  t h e  D$ loop ending a t  s ta tement  
180. 
The cor rec ted  mole f r a c t i o n s  f o r  the  dependent spec i e s  cbr. 
ca l cu l a t ed  f ~ ~ o r n  t h e  equj l ibr ium r e l a t i o n s  1 (224) ,  based on t h e  
cor rec ted  XI f o r  t he  independent species ,  Equations (66) and 
(67) a r e  again  used,  ir t h e  D(11 loop ending a t  s ta tement  200. 
The convergence t e s t  f o r  t h e  Newton-Raphson i t e r a t i o n  i s  
t h a t  t h e  abso lu te  va lues  of  a l l  t h e  hkr be  l e s s  than o r  cqua l  
t o  a c r i t e r i o n  va lae  TEST, which i s  p r e s e t  ( i n  subrout ine  INIT) 
t o  10'~. I f  convergsnce has  not  been achieved a f t e r  NTEST = 100 
i t e r a t i o n s ,  t h e  DUX. r o u t i n e  i s  c a l l e d  t o  terminate  t he  case  and 
produce d i agnos t i c  output .  
1 When convergence has  bccn achieved,  EQCAIX: computes a 
number of qas  p r o p e r t i e s  based on t h e  t c m p c r a t ~ r c  T, t.hc 
p re s su re  PI and t h e  cquil iSriurn molc f r a c t i o n s  c?~tcrminccl 
by t h e  Newton-Raphson s o l u t i o n  of e q ~ ~ a t i o n s  I(227). The 
nondimensional molar entropy of t h e  gas  mi:;turc, ZSEN = s/KO, 
i s  ca l cu l a t ed  us ing cquat ion I (30b) .  Note t h a t  t h e  s p e c i f i r  
entropy of t he  2 3s i s  equa l  t o  
s . % =  HSM CRA s = (-4 
Ro W ZCM 
i n  cal/gm OK. The nondimensional molar enthalpy ZCH of t h e  
gas  i s  ca l cu l a t ed  from equat ion I (238)  Llnd t h e  molecular weight 
ZCM frorr~ equat ion I ( 2 3 6 ) .  F i n a l l y ,  t h e  co r r ec t ions  f o r  gas  
imperfect ions ,  equat ions  I ( 7 9 )  and I ( 8 l ; ,  a r e  appl ied ,  
3.19 Subroutiy-i: EXACT 
This  subrout ine  computes the d e r i v a t i v e s  of  t h e  spec ies  
concent ra t ions  and t h e  o t h e r  dependent f l o w  v a r i a b l e s  f o r  
I use i n  t he  noneyuil ibrium so lu t ion .  EXACT c o n s i s t s  of two section:;. m e  f i r s t  sec t icn  (down t o  s ta tement  100) calcu- 
l a t e s  t h e  d e r i v a t i v e s  r ezu i r ed  i n  t h e  pe r tu rba t ion  s o l u t i o n ;  
t h e  second g ives  those  used i n  t h e  n o n e q u i l i b r i m  i n t e q r a t l o n .  
3.19.1 Der iva t ives  f o r  t h e  Perturbatj .09 S o l u t i o r ~  
The d e r i v a t i v e s  requi red  i n  t he  per turba t io r ,  so l~ i . t ion  
(Sect icn 7.3 of Vol. I) are those  of t h e  equi l ib r ium flow 
va r i ab l e s ,  These d e r i v a t i v e s  a r e  computed i n  EXACT by solv- 
i n g  a system of n+2 l i n e z r  equa t ions  of t h e  form 
n+2 
The unknowns X are 
j 
f o r  j = 1 t o  n  
me system of equatl-9s is 
a Yn - 
+ (Y* - 1) A= 0 i-c dx 
Equation (73a) i s  I(363) wi th  the  meanings of t h e  indices  
interchanged; equation (73b) i s  I(367)  with t h e  s igns  of a l l  
terms reversed and t h e  indes replacements j -+ i, R --, j; equa- 
t i o n  (73c) i s  I(299) appl ied t o  the  equilibrium flow; and 
(73d) is  I(233) appl ied t o  the  eqci l ibr ium flow, Note t h a t  
Equation I(296) i s  used i n  the  coding of the  quan t i ty  1fi 
i n  ( 7 3 ~ ) .  
The c o e f f i c i e n t s  A i -  f o r  these  equations (73) a r e  loadet! 
i n t o  the  a r ray  AAA(1, J) $or I = 1 t o  n + 2 and J = 1 t o  n + 2. 
The constants  Bi a r e  loaded i n t o  =(I, n + 3) f o r  I = 1 t o  
n + 2. The system of equztions i s  then solved by c a l l i n g  sub- 
rout ine  DL. S g L ,  and t h e  r e s u l t i n g  values f o r  the  de r iva t ives  
(72) a r e  r e t r i e v e e  from t h e  (n + 3 )  t h  column of AAA. 
3.19.2 Derivat ives  f o r  t h e  Numerical ~ n t e ~ r a t i o n  
During t h e  numerical in t eg ra t ion  of t h e  r a t e  equations, 
t h e  de r iva t ives  of the  species  concentrations a r e  given expl i -  
c i t l y  by equation I(287) .  These de r iva t ives  a r e  computed i n  
the nes t  of DJd l o ~ p s  ending a t  statement 120; they a r e  denoted 
by DGJ(J) . 
I The nature of t h e  remaining de r iva t ives  t o  be deter-  
mined depends upon the  region of solut ion(upstre3n~ o r  down- 
f stream) and the  type of gas model being used. The unknowns 
solved fo r  i n  the  vsr ious c l s e s  a r e  summarized i n  Table I. 
When an e l ec t ron ic  11oncql.i l i b r i u n  mode 1 is  being used (NT=2) , 
there  i s  a fourth dcpcl,. e n t  variabl, :  i n  the  in tegra t ion ,  t h e  
t o t a l  enthalpy ho. lIo~ve~rer, i t s  der iva t ive  i s  givcn axpl i -  
. c i t l y  by equation I ( 3 3 3 ) ,  so  t h a t  it is not involved i n  che 
simultaneous so lu t ion  f o r  t h e  de r iva t ives  l i s t e d  i n  Table I. 
For a given type of  gas model, t h e  same s e t  of aquations 
i s  solved regardless  of whether the  so lu t ion  is  i n  t h e  up- 
str,earn region ( inverse method) o r  the  dovmstrzan region 
( d i r e c t  in t eg ra t ion) .  However, t h e  matrix of c o e f f i c i e n t s  
and the vector  of c l n s t a n t s  d i f f e r  i n  the  two cas  ?s because 
of t h e  d i f ference  between the  s e t s  of unlcnowns being solved 
for .  Figure 8 i s  a flowchart 02 t h e  so lu t ion  f o r  the  deriva- 
t ives .  By following t h i s  florvchart, one can e a s i l y  wr i t e  out  
t h e  e q u a t i o ~ s  being solved i n  each of the four cases  l i s t e d  
i n  Table I, and ve r i fy  t h a t  they a r e  i d e n t i c a l  with the  t e x t  
equations l i s t e d  i n  the tab le .  It should be noted t h a t  NE = 
NT + 1 i s  the  number of unknowns and equations i n  each case. 
For NT = ?, t he  var iable  SCPGH contains  t h e  sum 2 Cp j, b u t  f o r  NT = 1 the  sun i s  over a l l  species  (see J = ~  
subroutine ~$1~1). 
3.20 Function EXP 
The operating system on the  IBM 360/75 a t  Avco produces 
severa l  l i n e s  of d iagnos t ic  output whenever the  Fortrzn func- 
t i o n  DEXP(X) underflows t o  give a value 0, T o  avoid such 
in ter rupt ions  of t h e  nornal  output,  t he  IBFI 360 version of 
NATA contains a rortran-coded esponznt ial  function, G;P(X), 
which checks the argument X and s e t s  t h e  *,esult  t o  zero f o r  
X (, -180. For X >- -180, EXP c a l l s  DEXP t o  computc EXP. 
This rout ine is  no+ used i n  t h e  UNNAC version of NATA be- 
cause the 'ATIVAC systcm EXEC I1 does no t  produce a diagnos- 




















































































































































































































































































































































































































































































































































































3.2 1 Subroutine FINDX 
The purposc of t h i s  subroutine i s  t o  determine the  
value of x a t  which t h e  geonet r ic  area r a t i o  has a given 
value A. An ind ica to r  ( u P D W )  s p e c i f i e s  whether the  
upstream o r  the  downstream solutioil  i s  desired.  An e n t r y  
po in t  FINDXC (A ,MBL,X) permits determining t h e  value of x 
a t  which a rectangular  channel has a half-width A, i n  cen- 
timeters, on i t s  MBLth p r o f i l e .  
The so lu t ion  is  obtained by a Newton-Raphson i t e r a t i v e  
procedure. The independent va r i ab le  i n  t h e  i t e r a t i o n  is 
taken t o  be V = 1x1 . 
If the  area  r a t i o  i s  given (normal ent-y p o i n t ) ,  then 
i ts  value i s  t e s t ed  before the  so lu t ion  is attempted, I f  
A i s  less than 0,99999, t h e  case is  terminated by c a l l i n g  
DUMP, because by i t s  d e f i n i t i o n  t h e  area r a t i o  cannot be 
less than unity.  I f  A i s  betbeen 0.99999 and 1.0, the dis-  
crepancy i s  assumcd t o  be due t o  a numerical ( egg , ,  round- 
o f f )  e r r o r  elsewhere i n  t h e  program; i n  t h i s  case,  X is  
set t o  0.0 ( the value f o r  A = I,), and the  RETURN is  exe- 
1 cuted . 
I f  A is grea te r  than 1.0, V is i n i t i a l i z e d  t o  1.0 and 
t h e  Newton-Raphson procedure i s  s t a r t ed .  The geametric 
a rea  r a t i o  AR and i t s  de r iva t ive  DADX a t  t h e  poir,t  X = V-sign 
(UPDO-XN) a r e  ca lcula ted  by c a l l i n g  GEgMAR. I f  AR agrees with 
A t o  within one part i n  lo5 , t h e  i t e r a t i o n  has converged. If  
not,  a new est imate of V is  ca lcula ted  from the  Newton-Raphson 
formula 
V = V , +  A-AR 1 DADX i 
However, V i s  not  allowed t o  increase by more than a f ac to r  
of 2 i n  any s tep;  t h i s  i s  t o  prevent V from becaning very 
la rge  a f t e r  a s t e p  i n  vhich V w a s  very c lose  t o  t h e  t h r o a t  
(where DADX = 0,) .  A maximum of 50 i t e r a t i v e  s t e p s  i s  a l -  
lowed. 
If t h e  channel width is given (ent ry  FINDXC) , then 
V i s  i n i t i a l i z e d  t o  100 c m ,  a value t y p i c a l  of a x i a l  posi- 
t i o n s  where t e s t  panels  might be i n s t a l l e d  i n  a channel, 
Far each t r i a l  value of V, t h e  p r o f i l e  h a l f  width AR = Z(MBL) 
and s lope DADX = DzDx(MBL) a r e  computed by c a l l i n g  the  e n t r y  
po in t  GMAR3 of GE@~AR, The same Newton-Raphson formulas 
and convergence test a r e  used a s  i n  the  a r e a  r a t i o  case. 
3.22 Subroutine FRPIZEQ 
FRgZEQ is  t h e  rou t ine  which con t ro l s  t h e  ccmputation of 
t h e  frozen and equilibrium flow solu t ions ,  The frozen flow 
solu t ion  is generated when t'ne rout ine  is ca l l ed  through 
en t ry  FRfizEN. Entry EQuIL(1PASS) g ives  t h e  equilibrium 
solut ion,  
3-22. Nondimensionalization of t h e  Flow Variables 
Throughout subroutine FRgZEQ, t h e  ca lcu la t ions  a r e  
ca r r i ed  out  with most of the  flow var i ab les  i n  nondimensional 
form. The r e l a t i o n  between the  For t ran  symbols and t h e  dimen- 
s i o n a l  :low va r i ab les  i s  summarized i n  the  following formu- 
las : 





w h  
, nondimensional s p e c i f i c  enthalpy 
RoTo 
, nondimensional enthalpy i n  t h e  
r e se rvo i r  
T/TO, ..ondimensional temperature 
x ,  a x i a l  nozzle coordinate (cm) 
a , nondimensional mass f lux  
fous 
PRES , nondimensional pressure  
Po 
'WJ , nondimensional dens i ty  
"0 
u 
- , nondimensional ve loc i ty  
us  
I n  these de f in i t ions ,  the  subsc r ip t  0 denotes condi t ions i n  
t h e  r e se rvo i r ,  Ro i s  t h e  universa l  gas constant ,  and us i s  
a ve loc i ty  defined by 
where Wo i s  the  molecular weight i n  t h e  r e se rvo i r  and R i s  
the 'universal  gas  constant  i n  mechanical cgs u n i t s  (erg9mole 
OK) . 
3.22.2 Determination of Frozen Sonic Conditions 
When e n t r y  FR@ZEN is  ca l l ed ,  subroutine FRjdZEQ deter -  
mines the  sonic  condi t ions i n  t h e  frozen flow before s t a r t -  1 ing t h e  main frozen flow solut ion.  * TL 1s ca lcu la t ion  i s  done by the  statements from e n t r y  FRjdZEN down t o  en t ry  EQUIL. 
A flowchart of t h i s  p a r t  of the  subroutine i s  shown i n  f igure  
9. The c r i t e r i o n  f o r  loca t ing  the  sonic  po in t  is  t h a t  t h e  
mass f l u x  m be a maximum. This condi t ion follows from t h e  
cont inui ty  equation I(243) and the  f a c t  t h a t  t h e  flow a r e a  
A i s  a minimum a t  t h e  sonic th roa t .  The temperature a t  t h e  
sonic po in t  is determined a s  follows: the  temperature is  
i n i t i a l i z e d  t o  i t s  rese rvo i r  value,  and is  then decremented 
repeatedly by --he amount DCL'Zl-T,, where DELTl i s  normally 
3 0.01. A t  each of these + - . . r a tu res ,  the  correr,ondinq 
mass f l u x  i n  frozen flow - calcula ted  by c a l l i n g  subroutines 
THERM and PRjdP. This procedtre  i s  contj-nued u n t i l  t he  mass 
f l u x  passes  i t s  maximum. Then the  temperature s t e p  i s  re- 
duced and an i t e r a t i o n  i s  ca r r i ed  ou t  t o  loca te  the sonic- 
poin t  temperature with high accuracy. 
*The ca lcula t ion  of sonic condi t ions f o r  the  equi l ibr ium sol-  
u t ion  i s  done i n  a separa te  subroutine,  NRMAX. 

The a lgor i thm f o r  determining t h e  sonic-point  tempera- 
t u r e  ( f i g u r e  9)  i s  based upon cons idera t ion  o f  a sequenc? 
of t h r e e  equally-spaced temperatures  T 1 >  T2 > T3 and t h e  
corresponding mass f l u x  va lues  F1, F2, F3. T1 and T2 are 
always chosen i n  such a clay t h a t  F2 > F1; thus ,  T1 i s  def-  
i n i t e l y  known t o  b e  h ighe r  than t h e  son ic  temperature.  F t- 
each s t a g e  of t h e  i t e r a t i c n ,  t h e  r u l e s  f o r  s e l e c t i n g  t h e  
nex t  t r i p l e t  G£ temperatures T1' , T2', T3' depend upon + '  . 
value  of  F3-F2. There are khree cases ,  which are i l l u s -  
t r a t e d  schemat ical ly  i n  f i g u r e  10. I n  case A (F3 > F2) ,  
t h e  t h r e e  m a s s  f l u x  va lues  fcrm a monotonic sequence F3> 
F2 > F1. I n  t h i s  case ,  t h e  a v a i l a b l e  d a t a  provide no in-  
d i c a t i o n  t h a t  t h e  p o i n t  of maximum m a s s  f l ux  h a s  been 
reached,  a l though t h i s  may a c t u a l l y  b e  t h e  casc:  a s  shown by 
t h e  dashed curve i n  t h e  t o p  s e c t i o n  of  t h e  f i gu re .  I n  
case A, T1' i s  set e q u a l  t o  T2, T2' t o  T3, and T3' is  ob- 
t a ined  by applying t h e  same decreinent T1' - T2' t o  T2' . I n  
case B (F3 = F2) ,  the son ic  p o i n t  i s  known t o  l i e  between 
T2 and T3. I n  t h i s  case ,  T1' i s  s e t  equa l  t o  T2, ti-: tem-  
p e r a t u r e  decrement DELT = AT i s  c u t  j.n h a l f ,  and t h e  remain- 
i ng  two t enpe ra tu re s  are set t o  T2' = T1' - A T and T3' = 
T2' - AT = T3. I n  case  C (F3 < F2) , t h e  s o n i c  p o i n t  could 
l i e  between T1 and T2 or  between T2 and T3. To ensure  t h a t  
TI1 l ies above t h e  son ic  temperature,  it is set e q u a l - t ~  T1. 
The decrement AT i s  halved as i n  ease  B, and T2' = T1' - 
A T, T3' = T2' - A T  = T2. I f  t h e  son ic  p o i n t  a c t u a l l y  
l i es  between T2 and T3, a s  i l i u s t r a t e d  by t h e  s o l i d  curve 
i n  t h e  bottom p a r t  of  f i g u r e  10, t h e  s i t u a t i o n  i n  t h e  nex t  
s t e p  of  t h e  i t e r a t i o n  w i l l  b e  as i n  ca se  A. 
A t  each s t e p ,  t h e  magnitude o f  DELT is ccmpared wi th  
t h e  c r i t e r i o n  va lue  TESTB = 10'~. If DELT < TESTB, t h e  
i t e r a t i o n  has  converged. ' A  f i n a l  improvement i n  t h e  va lue  
of t h e  scn ic  temperature i s  then obtained by f i t t i n g  a para- 
b o l a  t o  t h e  mass f l u x  versus  temperature d a t a  f o r  t h e  f i n a l  
t r i p l e t  o f  poi.nts ,  and determining t h e  maximum a n a l y t i c a l l y  
based on t h i s  quad ra t i c  r e l a t i o n .  The form assumed i s  
2 ' 
F (T) = A + B (T-T2) + C (T-T2) (77) 

Subst i tu t ion  of the  d a t a  po in t s  (T ,F1) , (T2 !F2) , and (T3, F3) 
and so lu t ion  f o r  t h e  c o e f f i c i e n t s  A, B, C gr.,e 
F3 ' F1 FSl+ 2F2 F = F Z w  (T - TZ) +, 2 
2 (  AT) . (T - T2) (78) 2( AT)? 
S e t t i n g  dF/dT = 0 then leads t o ,  tke f i n a l  r e s u l t  
-. 
I f  t h e  quant i ty  z/F2 = (F; + F3 - 2 F 2 ) F 2  i s  l e s s  than o r  
equal t o  ~ C J - ~ ,  eqaation f77) is not used. I n  t h i s  case,  T, 
is simply s e t  equal  t o  T2, t o  avoid poss ib le  e r r o r s  due t o  
l o s s  of accuracy on t h e  subt rac t ion  i n  Z (or a divide  check 
i n  (79) i f  Z = 0) .  
3.22.3 Main Flow Solution 
The bas ic  cperation performed by subroutine FR~ZEQ i s  
the calcula t ion  or' t h e  frozen and equilibrium flow solut ions.  
I n  its e s s e n t i a l s ,  t h i s  ca lcula t ion  i s  q u i t e  simple. The 
nondimensional t e m p r a t u r e  CT i s  decremented repeatedly,  
s t a r t i n g  from i t s  rese rvo i r  value (CT = 1.). A t  each va lue  
of t h e  temperature, t h e  o the r  flow var i ab les  a r e  computed, 
using subroutines THERM and PR@P i n  t h e  case of frozen flow 
and subroutine NEWRAP i n  t h e  case of equilibrium flow. Then 
t h e  positio-1 x i n  t h e  nozzle a t  which t h e  flow po in t  occurs 
i s  determined from the  known nozzle geometry and the  value 
of t h e  area  r a t i o  a t  t h e  flow poin t ,  and t h e  r e s u l t s  are 
pr in ted  by c a l l i n g  e n t r y  @UT2 of subroutine p~T1.  
Cr The a c t u a l  complexity of FRfiZEQ, a s  i l l u s t r a t e d  by i t s  
flowchart ( f igure  11) i s  due t.o provis ions f o r  t r e a t i n g  
var ious  options and regions of the solut ion.  The con t ro l  
va r i ab les  per ta in ing  t o  some of these  cases  and condit ions 
w i l l  be  ciefined before the  subroutine i s  discussed i n  de- 




























































































































































































































































































































































































IPASS = 1 
Boundary layer  i s  omi tt-cd . 
Boundary layer  i s  included, 
Preliminary equilibrium so lu t ion  
from the, r e se rvo i r  t o  t h e  sonic  
po in t ,  t o  determine t h e  boundary 
l aye r  displacement thiclcness a t  the 
t h r o a t  f o r  use i n  r e se rvo i r  condition 
ca lcula t ions .  
IPASS = 2 F i n a l  flow solut ion.  
ISplNIC = -1 Region upstrean of t h e  th roa t ,  
' IS~NIC = 0 Sohic point.  
1spENIC = 1 Region dbwnstream of the thrm t. 
@DLPT = ,FALSE. Regular p o i n t  of the  flow solu t ion ,  
WDLPT = ,TRUE. I t e r a t i o n  t o  f i n d  the  condi t ions a t  
a specified.mode1 po in t  i s  i n  prc- 
gress.  
SKIP = ,FALSE, Regular flow p o i n t  o r  model point .  
SKIP = .TRUE, Regular flow p o i n t  j u s t  a f t e r  a model 
point.  
LASTPT = .FALSE, Regular flow po in t  o r  model point .  
LASTPT = ,TRUE. Last p o i n t  of solut ion,  
The simplest  case i s  t h a t  of a so lu t ion  without t h e  boun- 
dary layer  and without any model points .  I n  t h i s  case, FRplZEQ 
generates  a po in t  of the so lu t ion  by t r ave r s ing  t h e  loop out- 
l ined by t h e  statement numbers 180, 190, 220, 310, 410, 420, 
440, 450, 550, 580, 600.' The temperature decrement DELTV i s  
equal  t o  t h e  input  value of DELTl (normally 0.01) i n  this 
case, u n t i l  t he  d i f ference  X@ - XP i n  s p a t i a l  pos i t ion  be- 
tween two successive flow po in t s  exceeds 10 cm. Once t h i s  
has  happened, the  unnumbered statements Letween 180 and 190 
reduce DELTV s o  a s  t o  maintain a s p a t i a l  s t e p  s i z e  of ap- 
proximately 10 an. This v a r i a t i o n  of DELTV occurs f a r  dobm- 
stream of the  t h r o a t ,  i n  the  region where the  f r e e  stream 
temperature has  f a l l e n  t o  a small f r a c t i o n  of tile r e se rvo i r  
temperature. DEER7 i s  no t  allowed t o  f a l l  below 0.02 DELT1. 
These adjustments of DELTV i n  t h e  region f a r  downstream a r e  
a l s o  made when t h e  boundary layer  i s  included i n  t h e  solu- 
t ion ,  
The second statement below 190 te sts whether t h e  t e m -  
pera ture  CT i s  below the  sonic  temperature CTMAX, i.e., 
whether t h e  so lu t ion  has  passed t h e  throa t .  I f  it has,  i n  
t h e  case v i thou t  t h e  boundary layer ,  IS@NIC i s  r e s e t  from 
-1 t o  +1, and t h e  ind ica to r  FLAG f o r  upstrean and down- 
stream so lu t ions  i n  the  geometry rou t ines  i s  r e s e t  from -1. 
t o  +1. Once t h e  flow condit ions f o r  t h e  temperature CT have 
been computed, t h e  s p a t i a l  pos i t ion  i n  the  nozzle i s  deter-  
mined by c a l l i n g  subroutine FIND=i(AFNX, FLAG,CX) (statement 
310). This subrout ine.  determines t h e  upstream (FLAG = -1. ) 
o r  downstream (FLAG = 1. ) p o s i t i o n  & a t  which t h e  geometric 
a rea  r a t i o  is  equal  to  AFNX. 
I f  t h e  boundary layer  i s  included, t h e  inpu t  value of 
DELTl is saved i n  t h e  loca t ion  DELTSV, and DELTl i s  reset 
t o  0.049(1. - CTMAX) during i n i t i a l i z a t i o n .  This ensures 
t h a t  the re  w i l l  be  20 flow p o i n t s  upstrean of t h e  throa t .  
I n  some cases  with CTMAX 0.9, t h e  normal input  value of 
DELTl = 0.61 would give only a b m t  10 po in t s  above t h e  
t h r o a t ,  which would adversely a f f e c t  t h e  accuracy of t h e  
numerical in t eg ra t ion  i n  t h e  boundary layer  rou t ine  BLAYER. 
Once t h e  t h r o a t  has  been reached, DELTl i s  res tored  t o  i t s  
o r i g i n a l  value by t h e  statements belov 320. 
When t h e  boundary layer  i s  included, the  e f f e c t i v e  area 
r a t i o  A, = AFNX i s  no longer equal  t o  t h e  geometric a rea  
r a t i o  Ag = AR, because of the  boundary layer  displacement 
thickness,  a*. The r e l a t i o n  between these  two area  r a t i o s  
r (sect ion 4.4 of Volume I) involves the  displacement thick- 
ness a t  t h e  t h r o a t ,  &*. Since t h i s  is n o t  known i n i t i a l l y ,  
t h e  s p a t i a l  pos i t ion  EX corresponding trj each flow po in t  
is ca lcula ted  on t h e  assumption t h a t  Ag A, u n t i l  t he  t h r o a t  
has  been reached. These ca lcu la t ions  are done using subrou- 
t i n e  FINDX, as i n  t h e  case without the boundary layer. A 
spec ia l  flow po in t  is  computed a t  t h e  t h r o a t  (ISgJNIC = 0, 
CT = CTSTAR, CX = 0.) i n  order  t o  determine the  quan t i ty  
* 
1 - $, = -ST (statement 390) f o r  t h e  nozzle (or  two such 
values i n  the  case of a channel). Then, boginning a t  t h e  
t h i r d  po in t  beyond the  t h r o a t ,  CX i s  computed taking t h e  
displacement thickness  i n t o  account, using subroutine AGSflLN. 
I n  statement 340, AGSflLN i s  ca l l ed  with t h e  e f f e c t i v e  area  
r a t i o  AFNX f o r  t h e  cu r ren t  s t e p  and t h e  displacement thick- 
ness  DELBL f o r  the preceding step. The r e s u l t i n g  CX value 
-. 
is used i n  t h e  boundary layer  calculations (statement below 
370). Subroutine AGSflLN i s  then c a l l e d  again,  with t h e  same 
AFNX and t h e  new DELBL producedeby t h e  cal l  t o  BLAYER. This  
second ca l l  t o  AcSflLN gives  an improved value of CX, 
I n  some problems, a t  la rge  d is tances  downstream of t h e  
th roa t ,  t h e  displacement ' thickness becomes l a rge  enough t o  
have a major e f f e c t  on t h e  e f f e c t i v e  a rea  r a t i o .  Under such 
circumstances, t h e  coupling between t h e  boundary layer  and 
t h e  inv i sc id  flow solu t ion  can lead t o  computaticnal instab-  
i l i t y .  The boundary layer  rout ine  BLAYER contains  a smooth- 
ing  algorithm intended t o  scppress such i n s t a b i l i t y  (Section 
5.11 of Volume I ) .  This  algorithm involves a parameter W, 
p r e s e t  t o  a value WSAVE which usual ly  prevents  i n s t a b i l i t y .  
However, occasional ly i n s t a b i l i t y  develops i n  s p i t e  of t h e  
smoothing. I n  th? frozen and equilibrium solu t ions ,  t h e  
symptom of such i n s t a b i l i t y  i s  t h a t  CX begins t o  decrease 
'with decreasing temperature, When t h i s  occurs, subroutine 
F R ~ z E Q  attempts t o  produce a v a l i d  so lu t ion  by cu t t ing  t h e  
s t a b i l i z i n g  parameter W i n  h a l f  and r e s t a r t i n g  t h e  so lu t ion  
i n  t h e  reservoir .  This operation i s  accomplished by coding 
. between statements 340 and 350. I f  i n s t a b i l i t y  has  been 
encountered a f t e r  t h r e e  successive r e s t a r t s ,  t he  so lu t ion  i s  
abandoned and e r r o r  dumps a r e  wr i t ten .  Also, r e s t a r t i n g  i s  
no t  attempted i f  t h e  geometric a rea  r a t i o  i s  more chan 4 
times g r e a t e r  than t h e  e f f e c t i v e  a rea  r a t i o  a t  t h e  po in t  
where CX decreases,  a s  i n  t h i s  case t h e  code i s  probably 
predi - t ing  a c t u a l  choking of t h e  flow by boundary layer  
growth. 
3 -22.4 Model Points  
Model po in t s  a r e  input-specified s p a t i a l  loca t ions ,  i n  
the downstream region of the  nozzle, a t  which spec ia l  cal-  
cu la t ions  a r e  t o  be performed. Since model po in t s  a r e  
speci f ied  by values of CX, while po in t s  of the  equilibrium 
o r  frozen flow solu t ion  a r e  spec i f i ed  by values of t h e  tem-  
pera ture ,  an i t e r a t i o n  i s  required t o  f ind  t h e  temperature 
CT corresponding t o  each model point .  
During the  i n i t i a l i z a t i o n ,  and a f t e r  t h e  completion of  
each model po in t  ca lcu la t ion ,  subroutine NEXTMP is ca l l ed  
t o  determine the locat ion X@DEL of t h e  next model point .  
During t h e  main flow solu t ion ,  a f t e r  CX has  been determined 
f o r  each flow po in t ,  statement 450 tests whether CX i s  
g rea te r  than o r  equal  t o  XMgDEL. I f  not ,  t h e  flow solu t ion  
proceeds normally. I f  CX 2 m D E L ,  t h e  i t e r a t i o n  t o  deter-  
mine t h e  CT value corresponding t o  QC = W D E L  i s  s t a r t ed .  
While t h i s  i t e r a t i o n  i s  i n  progress,  t h e  ind ica to r  WDLPT 
is .TRUE.. 
To avoid complicating t h e  programming of subroutine 
BLAYER, and t o  save computer time, BLAYER i s  n o t  ca l l ed  
during t h e  model po in t  i t e r a t i o n .  Instead,  the  bcundary 
layer  p roper t i e s  a t  the  model po in t  are approximated by 
l i n e a r  in te rpo la t ion  of the  d a t a  a t  t h e  preceding and cur- 
r e n t  main flow po in t s ,  and a t  each cycle  of t h e  i t e r a t i o n  . 
subroutine TRANSP i s  c a l l e d  (statement 360) t o  determine t h e  
t r anspor t  'p roper t ies  a t  t h e  cu r ren t  temperature. 
The i t e r a t i v e  algorithm f o r  improving t h e  est imate of 
CT corresponding t o  WDEL is a numerical Newton-Raphson 
technique embodied i n  statement 490: 
where T2 i s  t h e  temperature f o r  which ca lcula t ions  were done 
i n  the  cu r ren t  s t ep ,  T1 is  t h e  temperature i n  t h e  preceding 
i t e r a t i v e  s tep ,  X2 and X1 a r e  the  CX values corresponding t o  
T2 and Tl, and X, i s  XJ@DEL. 
The convergence c r i t e r i o n  f o r  t h e  i t e r a t i o n  i s  t h a t  CX 
d i f f e r  from XWDEL by no more than 0.0025 cm o r  0.001 inch. 
A maximum of 10 i t e r a t i o n s  is allowed. I f  convergence has 
no t  been achieved a f t e r  10 i t e r a t i o n s ,  a diagnost ic  message 
, is wr i t t en  and t h e  d a t a  from t h e  f i n a l  i t e r a t i o n  are used, 
When the  i t e r a t i o n  has thus  been terminated by e i t h e r  con- 
vergence of nonconvcrgence, t h e  r e s u l t s  f o r t h e  flow condi- 
t i o n s  a t  t h e  model po in t  a r e  p r in ted  by c a l l i n g  gUT2, MgDLPT 
i s  r e s z t  t o  ,FATSE., and subroutine WDEL is ca l l ed  t o  per- 
form t h e  required ca lcula t ions  of conditions on models. 
Also, t h e  ind ica to r  SKIP i s  s e t  tc  ,TRUE., and t h e  next 
- WDEL is d e t e r m i ~ e d  by c a l l i n g  NEXTMP. Before resuming 
the  main flow solu t ion ,  FReEQ checks whether t h e  next  
)CMPIDEL is less than or  equal  t o  the CX f o r  the  cu r ren t  main 
so lu t ion  point.  If so, the  model p o i n t  i t e r a t i o n  i s  s t ~ r t e d  
again t o  f ind t h e  flow condit ions a t  t h e  new XMflDEL. 
c 
Once a l l  of t h e  xM~~DEL values l e s s  than o r  equal  t o  
t h e  CX f o r  the  current  main flow po in t  have been d e a l t  with, 
the flow conditions f o r  the  cu r ren t  flow po in t  are recom- 
puted and pr in ted .  The .TRUE, value o f  t n e  ind ica to r  SKIP 
provides f o r  t h i s  recomputation by causing a t r a n s f e r  t o  
statement 220 ins tead  of 550 j u s t  below statement 450. Also 
f o r  SKIP = .TRUE., t h e  determination of CX and t h e  c a l l  t o  
BLAYER a r e  bypassed below 220. SKIP is  then r e s e t  t o  ,FALSE,, 
t h e  r e s u l t s  a r e  p r in ted  by c a l l i n g  @T2, and t h e  main flow 
solu t ion  is  resumed, 
When a Q[ g r e a t e r  than o r  equal  t o  QLMPX i s  reached, 
W D E L  i s  s e t  equal  t o  CXMAX and the  ind ica to r  LASZl'PT i s  set 
t o  ,TRUE.. The model po in t  i r e r a t i o n  then provides the  flow 
condit ions a t  t h e  pos i t ion  CXMAX. After  t h e  i t e r a t i o n  has 
converged and t h e  r e s u l t s  have been pr in ted ,  f o r  LASTPT =.TXm. ,  
c o n t r o l  i s  t r ans fe r red  t o  statement 610. For nozzle flow 
problems (NPWLS = I) ,  t h e  RETURN i s  then executed. For chan- 
n e l  problems (NPRFLS = .2), subroutine MflDEL i s  f i r s t  calyed 
with AXISYM = .TRUE. t o  provide ca lcu la t ion  of t h e  s tagnat ion 
conditions i n  the channel e x i t  plane. Stagnation condition 
ca lcu la t ions  a r e  suppressed f o r  channels, with t h i s  one excep- 
t i o n ,  because s tagnat ion po in t  models and P i t o t  probes a r e  n o t  
used ins ide  channels. 
3-23 Subroutine GE@M 
The funct ion of GEflM i s  t o  c a l c u l a t e  t h e  dens i ty ,  t h e  
e f f e c t i v e  a rea  r a t i o  and t h e  de r iva t ive  of one o r  t h e  o tner  
of these  q u a n t i t i e s  a t  each pos i t ion  x along the  nozzle during 
t h e  nonequilibrium flow solut ion.  Two. d i f f e r e n t  methods of 
ca lcu la t ion  a r e  used i n  d i f f e r e n t  p a r t s  of t h e  flow solut ion.  
During t h e  so lu t ion  by t h e  per turba t ion  method, and during 
t h e  d i r e c t  in t eg ra t ion  of the  r a t e  equations i n  t h e  region 
beyond t h e  c a l l  t o  THRaAT, the  ca lcu la t ion  of t h e  e f f e c t i v e  a rea  
r a t i o  is based d i r e c t l y  on the nozzle geometry and t h e  boundary 
layer  d i ~ p ~ a c e m e n t  thickness ,  i f  any, and the  dens i ty  i s  then 
- -  calculated from t h e  cont inui ty  equation. During the  numerical 
in t eg ra t ion  by t h e  inverse method upstream of t h e  c a l l  t o  TmgAT, 




and t h e  e f f e c t i v e  a rea  r a t i o  i s  then obtained from the con- 
t i n u i t y  equation I(266) . The cons tants  oc and C i n  (81) 
are determjned i n  the main program from sonic-point condi- 
t i o n s ,  p r i o r  t o  the  f i r s t  c a l l  t o  GEfdM, as explained i n  Sec- 
t i o n  7.4 of Volume I and i n  Sect ion 3.1 of t h e  present  re- 
pcr t .  
The o v e r a l l  l o g i c a l  s t r u c t u r e  of GE$M is diagrammed i n  
f igure  12. Imtcediately upon ent ry ,  t h e  subroutine c a l l s  
GEfbMAR t o  compute t h e  geometric a rea  r a t i o  S 1  and i ts der i -  
va t ive  S2 a t  t h e  cu r ren t  pos i t ion  CX. I f  t h e  nonequilibrium 
flow solu t ion  being computed includes t h e  boundary layer  
(ISW3B # 0 ) ,  then AESPLN i s  c a l l e d  t o  convert S 1  i n t o  t h e  
. 
effec.cive a rea  r a t i o  and S2 i n t o  t h e  de r iva t ive  of t h e  ef-  
f e c t i v e  a rea  r a t i o ,  based on the  cu r ren t  displacement thick- 
ness. 
I f  t h e  flow solu t ion  i s  beyond t h e  c a l l  t o  T W A T  
(IWD = 0) o r  i f  t h e  per turba t ion  technique is i n  use 
(INEQ = o ) ,  t h e  e f f e c t i v e  area r a t i o  AFNX i s  s e t  equal  t o  
S1 and t h e  nondimensional dens i ty  RHjd i s  ca lcula ted  from 
AFNX using t h e  c ~ n t i n u i t y  equation. Also, t h e  de r iva t ive  
D W A  = dkn AJdx i s  computeu from S1  and S2. 
On t h e  other  hand, i f  t h e  numerical in t eg ra t ion  tech- 
nique ail3 t h e  inverse  method a r e  being used t o  generate  the  
f l o w  soli l t ion (INEQ = 1 and IUPD = l), then t h e  nondimensional 
E n t r y  F 
I CALL GE@MAR(CXtS1,S2) I 
I 
CALL AES@LN (CX) 
I 
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Figure 12. F lowchar t  o f  S u b r o u t i n e  GE$M 
dens i ty  RHg i s  ca lcula ted  from S l b y  solving t h e  density- 
area r a t i o  r e l a t i o n  (81) ,  and the  e f f e c t i v e  a rea  r a t i o  
AFNX is  recomputed from MI@ using the  cont inui ty  equation. 
The de r iva t ive  DL@X = d l n  (p/,P )/dx i s  then computed f o r  
use i n  the  r a t e  equations (see t g e discussion of subroutine 
EXACT above). 
The ca lcu la t ion  of RH@ From equation ( 8 9  i s  based on 
t h e  fo l l cd ing  analys is ,  Equation (81) can be solved f o r  
Ae : 
A 7 
The form of t h i s  r e l a t i o n  i s  i l l u s t r a t e d  i n  f igure  13, f o r  
t h e  case CX = 0.2, C = 0.035049, The corresponding dens i ty  
r a t i o  a t  t h e  sonic p o i n t  i s  p*/ = 0.62092. The b a s i c  
computational problem i n  GE@M i s  t o  solve (81) or (82) f o r  
p /  p , based on a given value of A,. Except near t h e  t h r o a t ,  
the s8lu t ion  i s  ca r r i ed  out  using t h e  Newton-Rapison method; 
i.e., from a g :ven est imate of p ,  an improved est imate /Jn 
i s  obtained as fol~ov?s:  P 
P (83a) , 
Here % i s  t h e  Ae value ca lcula ted  from (82) f o r  p = pp; i (dA/dp ) i s  t h e  de r iva t ive  of (82)  evaluated a t  P =f p: 
and equation (83c) i s  t h e  Newton-Raphson formula. 3 ? 
t 

Examination of equations (83) r evea l s  severa l  p o t e n t i a l  
problems. A t  t he  sonic  p o i n t  (Ae = 1) , the de r iva t ive  d A j d  
i s  zero,  s o  t h a t  the  second term i n  (83c) i s  undefined. Ncar 
the  th roa t ,  (dA/ilp ) p  i s  very small. If  a t r i a l  value p i s  P 
near the  t h r o ~ t ,  and nearer the  t h r o a t  than the  so lu t ion  of 
(82), t h e  Newton-Kaphson formula (83c) can give an "improved" 
p n  which is much l e s s  accurate  than p and which may even 
be outs ide the  permissible r a g e  0 /, 2 1. To d e a l  with 
these  problems r e l i a b l y ,  GEGK uses the  following algorithm: 
(1) If Ae 5 1, f = f ,  ( th roa t  po in t )  
(2)  If  1 < A, 1 1.001 ( t h r o a t  reg ion) ,  f i s  calcu- 
l a t ed  from a Taylor s e r i e s  expansion of (82; 
around t h e  t h r o a t  point :  
The c o e f f i c i e n t s  i n  t h i s  equatio.? have been evalu- 
a ted  by d i f f e r e n t i a t i o n  of (82) and use of t h e  
sonic-point condi t ions p = f* , A~ = 1, (d ~ ~ / d p  )*=a 
I n  t h e  t h r o a t  region, where (84) 1s used, t h e  c & i c  
term i s  s m a l l .  I f  t h i s  term were neglected, the  sol-  
utj-on of (84) would be 
where S is +1. upstream and -1 downstream of the  
throa t .  m e n  t h e  cubic terra i s  taken i n t o  accoullt, 
t he  so lu t ion  of (84) can be azproximated by 
where ( Ap ) i s  def ined by t h e  second e q u a l i t y  i n  (85) .  
Equation (86) i s  used t o  c a l c u l a t e  f /  f 0  when A,C1.001. 
(3) I f  A, ) 1.001 (genera l  c a s e ) ,  t h e  Newton-Raphson procedure 
(83) i s  used. To ensure i t s  s t a b i l i t y , p ; i i n s  a r e  talcen t o  
s e l e c t  a f i r s t  es t imate  of f ,  w:iic'h i s  f~ :her from f *  
than t h e  so lu t ion  po in t .  Since the  r e l a t i o n  (82)  i s  
- -  everywhere concave upward ( f i g u r e  1 3 ) ,  the  Newton-Raphson 
formula undercorrects  f wh~neve r  tile e s t i m t e  p l i e s  P 
t o o  far from p*. Thus, i f  t h e  f i r s t  e s t ima te  p is too  P f a r  from /, * t h e  i t e r a t i o n  converges t o  t h e  so lu t lon  wit: i-  
o u t  ever  overs;iooti.ng it. Under these  circumstances,  no 
. i n s t a b i l i t y  can develop. To ob ta in  such an i n i t i a l  e s t i -  
mate, t h e  subrout ine  uses t h r e e  approximations t o  (82 ) ,  a l l  
of which l i e  below ( 8 2 ) .  One of t h e s e  approximations i s  
(85). The second i s  an approximation for p / /o - 1, 
namely 0 
f rorn which 
The t h i r d  i s  an o.pproximation f o r  f -  0, 
from which 
I n  t h e  upstream region (dAddx c O), t h e  i n i t i a l  es t imate  
i s  chosen t o  be 
1' 2C (A, - 1) 
a = r n i ~ [ b  + J , (1 - - 
P o  Po a 
In the downstream region (dA,/dx > 0) , it is 
Once the solution for r has been obtained, the derive- 
t ive  d i n  p/dx is  ca l~u la ted .  Normally t h i s  is determined 
from the formula 
which can be obtained by differentiat ing (82). The factor 
dRn Addx on the r ight  i s  evaluated as  S2/S1, based on the 
sjecified nozzle geometry and displacement thickness, The 
throat point (A, = 1) is  a special case, because there the 
denominator of (91) i s  zero and dA,/dx = 0, so t h a t  (91) is 
of the form 0/0. A t  the throat,  d *fn p/dx m u s t  be evaluated 
from (91) using L8Hospital's rule: 
Since (dAJdx), = 0, t h i s  gives 
The area derivative on the r ight  bane side has t o  be eval- 
uated from the specified nozzle geometry. I n  general, 
by v i r t ue  of  the  conditions A, = 1, ( w d x )  * = 0. To 
proceed fur ther ,  it is necessary t o  consider the  th ree  geo- 
metry options separately: 
(1) Two-dimensional nozzle 
In  t h i s  case, frbm equation I(126) with y* replaced 
by y as usual, 0 
The term (d2 s*/+*), is small, because the  displace- 
ment thickness Jx is small  and slowly varying a t  
the  throat .  This term is therefore  neglected, Since 
the th roa t  sec t ions  of t he  p r c i ~ l e  f i t  are always of 
the form I(122) (shape 2, c i r c u l a r  arc convex toward 
the ax i s ) ,  the remaining term i n  t he  numerator of 
(94) is given by 
The second equa l i ty  i s  obtained by notino that P2=0 
f o r  a t h roa t  section, Thus, 
(2) Axisymmetric nozzle 
Prom equation I(131) s ince  (dAJdx), = 0 and Ae,= 1, 
Now dAg/dx is  very s m a l l  a t  the sonic point  (which 
is qu i te  near the  th roa t ) ,  so  t ha t  t he  square of 
t h i s  quanti ty can be neglected. The quanti ty 
(d2 $ /dx2)* i s  a l so  neglected for  reasons discussed 
above. Hence, 
Evaluation of ( d 2 ~  dx2) * using I(116) and I(l.22) 
then gives d 
c 
(3) Rectangular channel 
where 
A t  the  sonic point ,  the  quant i t i es  (& - &*) and dx dx (h- e) a re  snail, so  t h a t  t h e i r  product is con- 
s$!aereexnegligible. The quant i t i es  (d2 8 z/dx2), a re  
a l so  neglected, as i n  t he  other options. Also, 
y* ~ _ y  and z, 
0 "- z0 . Hence, 
Evaluation of (d2z/dr2) * and (dZy/dx2), from I(122) 
gives,  f i n a l l y ,  
where P i s  the  P3 parameter f o r  t h e  z p r o f i l e  and 
p j y  tkzgzfor the y p r o f i l e .  
3-24 Subm u t i n e  GEPIMAR 
GE@MAR is  t h e  b a s i c  geometry rout ine  i n  t h e  NATA code, 
Through i t s  various e n t r i e s ,  it provides ca lcu la t ions  of 
t h e  geometric area r a t i o  and i t s  de r iva t ive  and of p r o f i l e  
ord ina tes  and t h e i r  de r iva t ives  both f o r  nozzles and f o r  
rectangular  channels, 
The subroutine has  4 e n t r i e s ,  with t h e  following calls: 
GEOMAR (X ,ARATI@, DER~CVA) (IENTRY = 1) 
(IENTRY = 2) 
(IENTRY = 3) 
GMAR3 (x,DYDX,DZDX,Y,Z) (IENTRY = 4) 
The arguments have t h e  'following meanings : 
X = a x i a l  coordinate i n  nozzle (an) 
ARATI@ = geomztric a rea  r a t i o  
DERIVA = der iva t ive  cf geometric a rea  r a t i o  (an-') 
Y = p r o f i l e  ord ina te  (cm) 
. 
2 = ordina te  f o r  second p r o f i l e  i n  a channel (cm) 
DYDX = der iva t ive  of p r o f i l e  ord ina te  
DZ DX = der iva t ive  of  ord'inate f o r  second p r o f i l e  
i n  a channel 
For each p r o f i l e  ( I )  t h e  subroutine f i r s t  determines 
the p r o f i l e  sec t ion  (J) i n  which t h e  spec i f ied  value of X 
l i e s .  This is  t h e  f i r s t  s ec t ion  f o r  which X < ATPI(J,I). 
The r o u t h ~ c  then c a l c u l a t e s  t h e  p r o f i l e  ord ina te  from equa- 
t i o n  I(1211, I (122) ,  o r  I(123) depending on ISHAPE(J,I), 
and it regcired a l s o  ca lcu la tes  t h e  de r iva t ive  of t h e  pro- 
f i l e  o;dinate using t h e  de r iva t ives  of these  formulas: 
< 
(1) S Lraight Line ,. ISHAPE (J, I) = 1 
c .  
(2) C i rcu la r  Arc Convex Dovnward, ISHAPE (J, I )  r 2 
(3) C i rcu la r  Arc Concave Downward, ISHAPE (J, I) = 3 
The ~ ~ b r o u t j n f ?  then c a l c u l a t e s  t h e  geometric area r a t i o ,  i f  
required,  f ran e m  - t ion .  I (118) f o r  a two-dimensional nozzle 
(NPRFLS = 1, JDi...& = 0 )  , I(116) f o r  an axisymme.tric nozzle 
(NPRFIS = 1, "DIM = l), o r  I(120) f o r  a rectangular  channel 
(NPRFLS = 7 ) .  It c a l c u l a t e s  t h e  de r iva t ive  of the area r a t i o  
from the  de r iva t ives  of these  formulas, i.e., 
(2D nozzle) 
(axisymmetric nozzle) ( 107) 
d z + z &  9 Y -= 
- 
dx dx (channel) Yozo 
Before executing t h e  RETURN, the rou t ine  r e s c a l e s  a l l  
o f  t h e  computed r e s u l t s  using t h e  r e sca l ing  f a c t o r  RSA. The 
area r a t i o  and i ts d e r i v a t i v e  a r e  mul t ip l ied  by RSA i n  the  
case of a 2D nozzle, b u t  i n  an axisymmetric nozzle o r  chan- 
n e l  they are mul t ip l ied  by J P ~ .  The f a c t o r  RSA i s  i n i t -  
i a l i z e d  t o  1.0 and i s  never change? i n  equi l ibr ium and frozen 
flow solut ions.  I n  nonequilibrium flow solu t ions ,  RSA is 
reset i n  subroutine THR~AT s o  as t o  make t h e  e f f e c t i v e  area 
r a t i o  continuous between t h e  upstream solu t ion  by t h e  inverse  
method and t h e  downstream d i r e c t  solut ion.  
3.25 Subroutine INGAS 
This  subroutine has  two en t ry  po in t s ,  INGAS and INTA, 
The first p a r t  of t h e  rout ine ,  which is entered  by c a l l i n g  
INGAS, sets up severa l  a r r a y s  which are used i n  the  chemi- 
cal descr ip t ion  of t h e  gas mixture, as discussed i n  Sec t im 
2 .1  of Volume I. The mathematical and For t ran  nota t ions  
f o r  these  a r rays  correspond as follows: 
- 
i-c, j CDIJ (I, J) 
CGI (I) 
I n  t h e  subroutine,  the  a r ray  A I N  is  first i n i t i a l i z e d  t o  
the square submatrix zi of t h e  matrix W with i = 1 
t o  c, where dij is t h e  lumber of  atoms ofiihe jth element 
per molecule of the  ia species ,  and c denotes t h e  number 
of elements i n  t h e  system. The inverse matrix Aki of aij 
is then computed and s tored  i n  A I N  by  c a l l i n g  subroutine - 
MATINV. 
Next, the matrix 5 , which g ives  t h e  composition of 
t h e  dependent spec ies  in terms of t h e  components, is  then 
-. computed by evaluat ing equation I ( 6 ) ,  and i s  s tored  i n  CDIJ. 
 hen t h e  s ing ly  subscripted a r ray  - l + u *  where Y *  is $-c' defined by equation 1(15), is computed I n  BET. The a r r a y  
qi giving the  i n v a r i a n t  composition of the gas i n  terms of 
t h e  independent spec ies  is ca lcula ted  using equations 1(9) c , 
apd I(10) ; it i s  denoted by QM(1). Final ly ,  the species  i 
molecular weights W i  = CGI (I) a r e  computed as follows: 
where Aj  i s  t h e  atomic weight of t h e  jm element: 
For t h e  r a t i o n a l e  of equation (110b), see equation I(5) and 
i t s  associated discussion. The molecular weights of t h e  
dependent species  i = c + 1,. . . , n could also'be ca lcula ted  
d i r e c t l y  using equation ( log) ,  i n  p lace  of (110b). 
The purpose of t h e  ca lcu la t ions  following en t ry  I N T A  
i s  t o  compute t h e  equi l ibr ium condit ions i n  the  upstream 
reservoir .  The a c t u a l  thermochemical equilibrium calcula- 
t i o n  i s  performed by subroutine EQCALC (cTAP , PREsA) . The 
argument CTAP i s  t h e  reservoi r  temperature i n  degrees K e l -  
v in,  and PRESA is the rese rvo i r  pressure  i n  atmospheres. 
The r e s u l t s  of the  ca lcu la t ions  a r e  communicated from EQCALC 
t o  INGAS through the  common blocks /EQc/ and /EQc~/. 
3.26 Subroutine INIT 
S ~ b r o ~ t i n e  INIT i n i t i a l i z e s  a number of c o n t r o l  para- 
meters and ?ondimensionalizes t h e  spec ies  thermochemical 
da ta  using che rese rvo i r  temperature. Sf-nce the  coding i s  
straightforward,  it w i l l  n o t  be d i s c u s s t l ,  
3.27 Subroutine KANDMU 
. Subrau t i n e  KANDMU c a l c u l a t e s  q u a n t i t i e s  propor t ional  
to t h e  v i s c o s i t y  and t h e  t r a n s l a t i o n a l  thermal conduct ivi ty  
of t h e  gas  mixture from equations I(85) t o  I (87). The f i r s t  . 
sec t ion  of t h e  subroutine, down through statement 20, con-- 
putes  t h e  q u a n t i t i e s  (25/8) fi (K) and (25/8) f i  Ai ( r ) de- 
f ined by equation I ( 8 7 ) ,  f o r  a l l  spec ies  i i n  the  mixture. 
The value of (25/8) f i  A i  ( k ) i s  obtained simply by  divid- 
ing the  f ac to r  ZM2 (I) out  cf t h e  quan t i ty  B(I,2) computed 
previously i n  subroutine KINT, equation (113) below, and 
is s tored  a a i n  i n  the a r ray  ~ ( 1 , 2 ) ,  while t h e  quant i ty  
(25 /8 ) f i  A ~ K )  i s  computed d i r e c t l y  from I(87) using t h e  
matrix elements Q ( 3 , I , J )  calcula ted  previously i n  subrou- 
t i n e  TRANSP. The value of (25/8) 5 Ai(K) i s  s tored  i n  t h e  
loca t ion  B ( I , ~ ) ,  replacing t h e  previous quan t i ty  set i n  KINT, 
which i s  no longer needed. The rec ip roca l s  of the  elements 
B ( I , L )  are a l s o  computed and s tored  i n  BR(1,L). 
The next sec t ion  of subroutine KANDMU, from statement 
2C down through statement 70, computes t h e  q u a n t i t i e s  
and 
- (14 (111) 
~ ( 2 )  = 6 5 / 8 ) E  a 
'from equa i n 1 (86) ,  using the  values of the matrix ele- 
ments a i  tKP and a. (P) which w e r e  previously s tored  i n  the 
lower halves (I > ~ J f J o f  the  matrices o (1, I, J) and P ( 2 ,  I, J) 
by subrout ine  TRANSP. Since t h e  va lues  of a f o r  t h e  
v i s c o s i t y  and thermal conduc t iv i ty  a r e  both computed from 
t h e  same equa t ion ,  t h e  same coding can be used here  f o r  
bo th  p r o p e r t i e s ,  wi th  t he  index L  = 1 ind ica t ing  va lues  
computed f o r  t h e  thermal conduc t iv i ty  and L  = 2  va lues  com- 
puted f o r  the v i s c o s i t y .  In  connection wi th  t h i s  computa- 
t i o n ,  i t  may be  noted t h a t  t h e  s u m  i n  equat ion I(S6) need 
only be c a r r i e d  over va lues  of I > J, s i n c e  the  matr ix  a  ) i 3 i s  symmetric and the  d iagona l  terms do no t  c o n t r i b u t e  t o  t h e  
sum. . c 
Tile f i n a l  loop i n  subrout ine  KANDMU down through s t a t e -  
ment 90 computes t h e  va lues  of t h e  subrout ine  arguments 
ZX(1) and Z K ( 2 ) ,  which a r e  p ropor t iona l  r e spec t ive ly  t o  t h e  
t r a n s l a t i o n a l  thermal cpnduc t iv i ty  and t h e  v i s c o s i t y  of t h e  
gas  mixture. These va lues  a r e  computed from equation I(85), 
using t h e  va lues  of  t h e  elements B( I ,L )  and A(L) whi '1 w e r e  
computed e a r l i e r  i n  t h e  subrout ine  
3.28 Subroutine KINT 
The s ta tements  down t1:rough s ta tement  10 of subrout ine  
KINT compute t h e  q u a n t i t i e s  
and 
which a r e  requi red  i n  t h e  t r a n s p o r t  prope5 y, ca l cu l a t i ons .  
Because of  t h e  way i n  which the  d a t a  A .  . \ "  a r e  s to red  i n  
- - 
t h e  Q a r r a y  by subrout ine  TRANSP, it isLdecessary  t o  t r e a t  
the terms wi th  i < j and with  i > j sepa ra t e ly  i n  t h e s e  
computations; thus the  s t a t enen t  preceding 10 c a r r i e s  out  
the  sum over terms with i > j and statement 10 the  sum 
over terms with i < j. The diagonal terms with i = j were 
added previously during the  i n i t i a l i z a t i o n  of  t h e  sum by 
subroutine TRANSP. 
Following the  computation of t h e  B ( 1 , l )  and B ( I , 2 ) ,  
subroutine K I N T  uses the computed val-les of t l ~ e  B (I, 1) i n  
the  small loop ending a t  statement 30 t o  c a l c u l a t e  the  
value of t h e  arqument ZKINT s Kint/ f i  i n  u n i t s  of m i l l i -  
0 3 2  watts/cm- K / , where K i n t  i s  the i n t e r n a l  component of tire 
thermal conductivity of t h e  gas given by equat io? I ( 9 5 ) .  
3.29 Subroutine LIST 
c \  
Subroutine LIST p r i n t s  o u t  c e r t a i n  port ions of the  
input  da ta  f o r  each case s o  a s  t o  provide a descr ip t ion  
of t h e  problem which i s  t o  be solved by t'ne code. Subrou- 
t i n e  READ a l s o  provides some output of s imi lar  character .  
Port ions of t h e  output n ~ r m a l l y  produced by LIST a r e  
oinitted i f  they  would simply repeat  t h e  corresponding out- 
p u t  f o r  a  previous case. I f  SUPGg = .TRUE., t h e  gas  model 
i s  t'ne same as i n  tile precedi3g case,  and the  desc r ip t ion  
'of  the  gas model i s  skipped. i f  SUPGg i s  .FALSE., t he  fo l -  
lowing t a b l e s  a r e  pr inted:  
(1) The elemental  composition of the  gas i n  terms 
of "atom f rac t ions" ,  -2efined as t h e  number of 
gram-atoms of each element per  mole of the  
mixture of cold species.  This  t a b l e  a l s o  l ists 
t h e  atomic weights assumed f o r  t h e  elements. 
(2) The d a t a  def ining t h e  forward r a t e  constant  
f o r  each of the  react ions.  This t a b l e  a l s o  
includes the  c r i t e r i o n  value CCHI fo r  switch- 
ing from the  perturbat ion technique t o  num- 
e r i c a l  in t eg ra t ion ,  and the t h i r d  body matrix 
f o r  t h e  r eac t ions  involving t h i r d  bodies. 
(3) A t a b l e  which def ines  t h e  chemical formula for  
each species  by giving the Wi = L P I J ( I , J )  
matrix. A separa te  column of $his ta51e con- 
t a i n s  1 i f  a thermo f i t  is  ava i l ab le  f o r  t h e  
species ,  0 i f  not. 
t (4) The matrix vi. of the  stoichiomet.ric c o e f f i c i e n t s  
f o r  t h e  produ& s ide  of  a l l  t h e  react ions.  
(5) The matrix Vi. of t h e  stoichioinetric coe f f i c i -  
e n t s  f o r  t h e  r aac tan t  s i d e  of a l l  t he  react ions.  
(6) A t a b l e  l i s t i n g  t h e  d a t a  f o r  ca lcu la t ions  of 
spec ies  thermal p roper t i e s  based on t h e  physb- 
c a l  model. 
(7) A t a b l e  l i s t i n g  t h e  e l e c t r o n i c  energy l e v e l s  and 
degeneracies f o r  a l l  t h e  spec ies  f o r  which phy- 
s i c a l  model d a t a  a r e  provided. 
(8) A t a b l e  of the  thermo-fit c o e f f i c i e n t s  for those 
species  f o r  which t h ~ r m o  f i t s  a r e  provided. 
If an e l e c t r o n i c  nonequilibriurn gas model is being used (NT=2) ,  
then a t a b l e  giving t h e  e x t r a  reac t ion  d a t a  required by t h i s  
model i s  inse r t ed  before  t h e  thermo-fit t a b l e  (8). 
After  t h e  gas model descr ip t ion  has been p r in ted  out ,  
LIST p r i n t s  a summary of t h e  inpu t  d a t a  f o r  model and wedge 
ca lcu la t ions  . 
3.30 Subroutine MATINV 
This i s  a matrix i i v e r s i o n  subroutine. It i s  - c a l l e d  
by INGAS t o  compute the  inverse Aki of the  matrix wi : see  
equation 1 ( 3 )  and associated discussion. MATIEW cornpates 
t h e  inverse of matrix A using the  Gauss-Jordan reduction 
with t h e  maximum p i v o t  s t r a t e g y  (ref.  8 ) .  
3 . 3  1 Subroutine MgDEL 
Subroutine M@DGL i s  t h e  p r i n c i p a l  rout ine  f2 r  calcula-  
t i o n s  of condi t ions on models i n  the  NATA code. M@DEL per- 
forms normal-shock ca lcu la t ions ,  computes condi t ions a t  t h e  
i nv i sc id  s tagnat ion po in t ,  c a l c u l a t e s  s tagnat ion po in t  h e a t  
f luxes,  and provides output of these  results. I n  addi t ion ,  
i f  conditions on h - ~ - ' ~ e  models a r e  t o  be ca lcula ted ,  WDEL 
c a l l s  subroutine WEDGE, The o v e r a l l  s t r u c t u r e  of MPDEL is 
diagrammed i n  f igure  14. 
3.31.1 General Description 
-. 
Immediately upon ent ry ,  M+DEL performs some checks t o  
determine whather model condition ca lcula t ions  should be 
done. Such c a l c ~ l a t j o n s  a r e  skippsd i f  both of t h e  logi- 
c a l  va r i ab les  AXISYM and WEDGEM a r e  Zalse, o r  i f  t h e  free- 
stream Mach number i s  l e s s  than 1.5. The l a t t e r  r e s t r i c -  
t i o n  i s  imposed because t h e  normal shock so lu t ion  f a i l s  t o  
coilverge when the  Mach r.urriber i s  below some value i n  t h e  
range from 1.5 t o  about 2. Models a r e  no t  normally t e s t e d  
a t  such low b c h  numbers i n  arc-heated wind tunnels  because 
t h e  corresponding nozzle diameter is too  small t o  accommo- 
d a t e  models of reasonable s ize .  
I f  model ca lcu la t ions  a r e  t o  be done, subroutine ELTIME 
is ca l l ed  with the  argument I P  = 0 t o  record t h e  execution 
t i m e  a t  t h e  beginning of the  model ca lcula t ions .  ELTIME i s  
c a l l e d  again,  j u s t  p r i o r  t o  t h e  RETURN, t o  determine the  
'CPU t i m e  elapsed during t h e  model calculat ions.  This t i m e  
is  pr in ted  out. It i s  usual ly  about 1 t o  3 seconds. 
Before beginning t h e  normal shock so lu t ion ,  MPDEL s e t s  
a number of flow q u a n t i t i e s  which depend upon t h e  free-stream 
flow conditions and are thus  constant  f o r  a given c a l l  t o  
WDEL. When MJbDEL i s  f i r s t  ca l l ed  i n  a given flow solu t ion ,  
t h e  equilibrium and frozen shock dens i ty  r a t i o s  EPSIfbN and 
EPSF have the  value zero, s e t  i n  the  c a l l i n g  rout ine  (FRgZEQ 
o r  N ~ N E Q ) ,  These r a t i o s  a r e  r e s e t  t o  t h e  value 0.01. When 
WDEL i s  ca l l ed  with E P S U N  = 0, it computes the  Prandt l  
number ai. t he  model slrface temperature, PRW, based on the  
cold species  mole f r ac t ions  QPJ(K). This value of PRW thus  
assumes t h a t  t h e  gas  a t  t h e  model sur face  i s  i n  a s t a t e  of  
thennochemical equilibrium a t  the  surface temperature. 
Most of the  ca lcu la t ions  i n  WDEL a r e  contained within 
a la rge  Dj8 loop with the  Dfd index IS$LN, beginning below 
no 
Message 
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s ta tamcl~t  40 and ending a t  440. For ISgLN = 1 ,  the  normal 
shock i s  calculated assuming cl-lcinic a 1  egui l ibrium behind the 
shock. For ISPLN = 2 ,  t h e  flow across  the  shock is assumed 
t o  be chemically frozen. I f  the  con t ro l  va r i ab le  FSTAG i s  
0, the  frozen shock ca lcu la t ions  a r e  skipped unless wedge 
calcul?t ions a r c  t o  be done (WEDGEM = .TRUE. ) , I f  wedge 
ca lcu la t ions  a r e  ca l l ed  f o r ,  the  frozen shock so lu t ion  is 
ca r r i ed  out,  regardless  of the  value of FSTAG, t o  provide 
t h e  frozen stagnation temperature which i s  required f o r  use 
i n  subroutine WEDGE. If FSTAG i s  negative,  the equilibrium 
shock ca lcula t ions  a r c  skipped. 
For e i t h e r  alue of ISgLN, the cor,ditions bchind tl,s 
normal shock and those a t  t h e  inv i sc id  s tagnat ion p o i n t  
a r e  calculated usiag methcd s discussed Selow i n  Sections 
3.31.2 and 3.31.3. Then the  stagnation-point v e l o c i t y  
gradient  parameter (Rb/ul) (duddx)  , , denoted, by VGP (L)  , i s  
computed f o r  spher i ca l  o r  c y l i n d r i c a l  nosed models ( L  = 1) 
and fo r  f la t -faced m d ? l s  (L = 2 )  . The r a t i o  SOD (L) of 
. , t h e  shock standoff d is tance  t o  the  m d e l  rad ius  i s  a l s o  cal-  
culated f o r  L = 1 and 2. These ca lcu la t ions  ? r e  based upon 
equations I(463) t o  I(4651 f o r  t h e  ve loc i ty  g rad ien t  para- 
meter. and I (475)  t o  Ii478) f o r  t h e  s tandeff  dfstance.  
Next, the  variou's h e a t  f l u x  va lues  discussed i n  Section 
8.1.4 of Volume I are conipi~ted. In  preparat ion f o r  these  
ca lcu la t ions ,  t h e  d i s soc ia t ion  enthalpy h~ of t h e  qas  a t  the  
invisc id  s tagnat ion p o i n t  (denoied by HCF) i s  computed by 
summing t h e  product of the  mole f r a c t i o n  and t h e  enthalpy of 
formation SI IJA(1)  over a l l  n e u t r a l  atomic species  (see equa- 
t i o n  I(544) ) . I n  the  case of an equi l ibr ium shock, t h e  mole 
f r ac t ions  SAVEC(1) a t  t h e  s t a g n a t i ~ n  po in t  a r e  obtained from 
t h e  common a r ray  ZC. r lP( I ) ,  which is s e t  i n  subroutine EQCAIX. 
I n  t h e  case of a frozen ,shock, the  mole f r a c t i o n s  a r e  t h e  
same as  t h s e  i n  the f r e e  stream flow ahead of the shock, 
and a r e  ca lcula ted  from the  concentrations G J ( 1 )  using equd- 
t i o n  I(1). I n  the  evaluation of HCF, t h e  sum i s  r e s t r i c t e d  
t o  neu t ra l  atcms by r e j e c t i n g  a l l  ~ . ~ e c i e s  containing more 
than one element, more than one atoi,l of an element, o r  a 
negative number of a2oms of an element.* This algorithm 
*Posi t ive ions a r e  represented a s  compounds containing a 
neql t ive  number of e lectrons.  
accepts the  e l ec t ron  species,  which of course i s  n o t  a 
neu t ra l  atom, b u t  t h i s  does no t  a f f e c t  HCF because t h e  
formation enthalpy of t h e  e lec t ron  is zero. 
The t r anspor t  propert ie  s /.Ae (VISC) , Npr (PR) , NL, (133) , 
and Q (SIGMA) a t  the invisc id  ~s taqna t ion  poin t  are com- 
puted by c a l l i n g  subrcxkine. TRANSP. The h e a t  f luxes  are 
calculated using eduations I(466) , I(468) and I(469) with 
-. su i t ab le  c o n v e r s i ~ n  fac to r s  to ,  obtain English engineering 
u n i t s  i n  the  ou tp \~ t .  For example, t h e  numerical coe f f i c i -  
e n t  i n  the  Fortran f rmula corresponding t o  equation I(466) 
is obtained a s  fallows: 
1.8 x (30.48) 3/2 
, 0.51 = x 0.763 
The fac to r  of 1.8 converts the enth l p i e s  from i n t e r n a l  code 
u n i t s  of cal/gm t o  Btu/&; (30.38) 'p2 converts cm+/cm2 t o  
ft%/ft2:  and (453.6)-l converts g t o  lb. 
After  t h e  h e a t  f luxes  have been computed, t h e  r e s u l t s  
of the calcula t ions  are pr in ted  out. To t h i s  end, t h e  re- 
I s u l t s  are f i r s t  loaded i n t c  t h e  a r r a y  SCNT, t o  allow use of a re l a t ivc  iy compact o v + ~ t  format. I f  a b inary  output 
t ape  is being prepared d ~ ~ r i : c j  t h e  run (DATAPE = ,TRUE.), 
c e r t a i n  of t h e  model condition r e s u l t s  are a l s o  w r i t t e n  on 
tape u n i t  I T P W .  
3.31-2 Normal Shock Solut ion 
Figure 15 diagrams t h e  method used i n  t h e  normal shock 
solution. This technique is explained i n  a n a l y t i c a l  terms 
i n  Sectior, 8-1.1 of Volume I. The so lu t ion  i s  based vpon 
an i t e r a t i o n  t o  determine the  temperature T2 behind t h e  
shock. The value of T2 obtained during t h e  previous c a l l  
t o  WDEL is  used a s  a Z i r s t  est imate;  t h i s  value i s  s tored  
as -22E (equilibrium shock) o r  T2F (frazen shock) i n  comrncn 
block /STAG/. P r i o r  t o  t h e  f i r s t  c a l l  t o  MgDEL, these  val- 
ues are i n i t i a l i z e d  t o  the  reservoi r  temperature. 
l?he c r i t e r i o n  f o r  se lec t ion  of T3 ' s  t h a t  t h e  s t a t i c  
enthalpy behind t h e  shock, ca lcula ted  rrom T2 using equation 
Initialize EPS, T2 
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4 
Equilibrium Shock ps ( n o  Frozen Shock 




Compute ZCH, P2, 
I 
no t r v 
Recalculate P2 I HZ=HS-HD-EPS~] 
J 
-112 0-OOl? from Normal 
r no .1 
Compute T2 
Interpolation 
IGINAI: phG' e& 15. Flowchart of the Normal Shock Solution OF ~ 0 0 %  
I(429b), be  equal  t o  t h e  value H2 obtained from the Rankine- 
Hugoniot energy equation for t he  shock, equation I (432b) . 
I n  t h e  case of z frozen shocl:, t h e  gas  i s  thermally p z r f e c t  
because the  mole &actions a r e  constant,  The static enthalpy 
ZCH is calculated,  i n  t h i s  case,  from species  en tha lp ies  
obtained by c a l l i n g  subroutine TKERM a f t e r  the  nondimensional 
temperature CT has been s e t  t o & e  value T2/CTAP. The pres- 
sure P2 behind t h e  'shock is  then comsuted from I (437) ,  and 
t h e  shock densi ty  r a t i o  from I(434) .  
The equilibrium shock so lu t ion  is more complicated be- 
cause i n  t h i s  case t h e  dens i ty  r a t i o  € is n o t  given a s  an  
e x p l i c i t  function of T2. Thus, a douhle i t e r a t i o n  i s  re- 
qnired. For each t r i a l  value of T2, E and t h e  pressure 
P2 are calculated by an Snner i t e r a t i o n  as described i n  t h e  
discussion around equation I(438). I n  t h i s  case, t h e  s t a t i c  
enthalpy ZCH and dens i ty  Z R W  behind t h e  s h x k  are obtained 
by c a l l i n g  subroutine EQCMC. The outer  i t e r a t i o n  t o  deter-  
mine T2 is t h e  same as f o r  t h e  case of a frozen shock. 
%!'he objec t  of t h e  outer  i t e r a t i o n  i s  t o  make ERZ = ZCH -H2 
equal  t o  zero,  t o  v i a i n  an accuracy of 0.1 percent. The tem- 
pera ture  T2 s a t i s f y i n g  this c r i t e r i o n  i s  obtained by i t e r a t i v e  
l i n e a r  in te rpo la t ion  : 
H e r e  (T2)new is  the  improved est imate r e s u l t i n g  from t h e  
l i n e a r  i t e r p o l a t i o n  , (T2) old i s  t h e  previous estimate, ERZ is the  enthalpy e r r o r  obtalned a t  (T2) 
o ld '  ERRHI is  the last p o s i t i v e  errc: ERZ obtained and TI11 t h e  corresponding T2 
estimate,  and ERRL,ld i s  t h e  l a s t  negative e r r o r  obtained with 
TI$ the corresponding temperature, Of course, t h i s  formula 
cannot be used unless  po in t s  with both p o s i t i v e  and I :ga- 
t i v e  EFG have been computed. This requirement i s  implemented 
w i t h  t he  a i d  of l o g i c a l  va r i ab les  Lj8 and H I  w h i ~ i ~  a r e  i n i t -  
i a l i z e d  t o  ,FALSE.. L# i s  set t o  .TRUE. when a negative ERZ 
i s  obtained, and H I  i s  set t o  .TRUE. when a p o s i t i v e  ERZ i s  
found, I f  ERZ i s  negative and H I  is " fa l se" ,  T2 is  increased 
by 10 percent. If ERZ is p o s i t i v e  and I@ i s  " fa l se" ,  T2 i s  
I decreased by 10 percent. The in te rpo la t ion  formula (114) is not: used a n t i 1  both I# and H I  are .TRUE.. 
3.31.3 Conditions a t  the Invisc id  Stagnation Point  
After  t h e  normal shock ca lcu la t ion  has  converged, t h e  
conditions a t  t h e  inv i sc id  s tagnat ion po in t  a r e  cmputed as 
explained i n  Section 8.1.1 of Volume I. A flowchart of t h e  
coding i s  given i n  f igure  16. The log ic  is s i m i l a r  t o  t h a t  
of the  normal shock so lu t ion  ( f igure  15) , b u t  with two sim- 
p l i f i c a t i o n s  : 
(1) The s tagnat ion pressure i s  ca lcula ted  from t h e  
incompressible Bernoull i  equation (428b) with 
no i t e r a t i o n .  Thus, only a s ing le  i t e r a t i v e  
loop i s  required even f o r  . t h e  case of equi l ibr ium 
flow. 
(2) The i n i t i a l  estimate of t h e  s tagnat ion temper- 
a t u r e  TS i s  taken t o  be t h e  tercperature T2 j u s t  
behind t h e  normal shock. Since T2 is  known i~ 
be lower than TS, tine l o g i c a l  va r i ab ie  L@ is 
n o t  needed i n  t h e  stagnation-condition s o l u t i ~ n ,  - 
Linear i n t e r p o l a t i c n  i s  begun as soon a s  a pos- 
i t i v e  ERZ is obtained, where ERZ is t h e  d i f f e r -  
ence between t h e  known stagnat ion enthalpy HS 
and t h e  l o c a l  enthalpy a t  t h e  s tagnat ion p o i n t  
(ZCH) canputed from TS and PS. 
3.32 Subroutine NEWRAP 
The function of subroutine SEWRAP i s  t o  c o r l u t e  t h e  
flow condit ions a t  a p o i n t  i n  t h e  equilibrium flow solu- 
t i o n ,  using the rnechd ejiplained i n  Section 6.2 of ~ o l -  
, I, F i r s t ,  t h e  system of (c -i- 1) equations I(227) and I(252) 
is solved fcr t he  species  mole f r a c t i o n s  X i  and t h e  pressure  
p, Then khe remaining flow var i ab les  a r e  computed from 
these. data .  
The Fortran nota t ion  i n  1~EIJRAP i s  s imi la r  t o  t h a t  i n  
EQCALC, al ready discussed i n  Section 3.18, b u t  t h e r e  a r e  some 
d i f fe rences  and addi t ions .  ISMCNR denotes t h e  number of 
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b h HI=.  TRUE. 
F i g u r e  16. F l o w c h a r t  of the S o l u t i o n  for C o n d i t i o n s  
a t  the Invisc id  S t a g n a t i o n  P o i n t  
The a r r a y  CIIII i s  redefined a s  t h e  logarithm of the  equi l i -  
brium constants  I(225) f o r  the  dependent species:  
where ii = I M  i s  t h e  index of t h e  f i r s t  independent species ,  
i n i t i a l l y  equal  t o  1. A new a r r a y  PGJ i s  defined by  
0 
where S i  denotes the  molar en t ropy 'of  t h e  i t h  species  a t  
t h e  standard pressure,  Wi i s  t h e  molecular weight of t h e  ith 
species  , and* 
so CRRB = - 
Rowo 
where SO/RO i s  t h e  nondimensional molar entropy of t h e  gas  
I I i n  t h e  r e se rvo i r  and WO t h e  reservoi r  molecular weight. 
Immediately upon entry,NEWRAP c a l l s  subroutine THERM 
t o  compute t h e  spec ies  thermal p roper t i e s  a t  t h e  tempera- 
t u r e  CT-TO corresponding t o  t h e  current  value of the  non- 
dimensional temperature CT. NEWRAP then sets up t h e  a r rays  
C H I 1  and PGJ, defined above, and obta ins  a set of i n i t i a l  
es t imates  of t h e  spec ies  mole f r a c t i o n s  Xi = CAPx(1) from 
equation I ( 1 )  : 
The molecular weight W = CM and species  concentrations 
'Yi = GJ(i )  a r e  t h e  values i n  storage.  For t h e  f i r s t  c a l l  
t o  NEWRAP, t hese  a r e  r e se rvo i r  values. In  subsequent c a l l s ,  
they a r e  the  f i n a l  values f o r  the  preceding flow point .  Also, 
*CRRB is s e t  i n  subroutine INGAS following t h e  e n t r y  INTA. 
SKIL(1). i s  i n i t i a l i z e d  t o  cAPX(1) , and Z P  t o  Pn (PREs) , 
where PRES is  the  s tored  value of t h e  nondimensional pres- 
sure. 
The Newton-Raphson i t e r a t i v e  loop starts a t  statement 
70, The system of l i n e a r  equations t o  be solved i n  each 
s t e p  o f  t h e  i t e r a t i o n  i s  I(258) . The constant  t e r m s  Fj (6) 
a r e  loaded i n t o  the  ~ 2 t h  column of t h e  matrix AA, where M2 = 
c + 2. For j = 1 t o  c, these  terms are given by equation 
I(227) ,  and a r e  computed i n  t h e  D@ loops ending a t  statement 
90. The constant  t e r m  f o r  j = c + 1 is given by I (252) ,  
and i s  loaded i n t o  AA(Ml,M2) by t h e  statements between 90 
and 100, I n  t h e  loop "D$ 100", t h e  upper l i m i t  ISSNR is 
t h e  current  number of species  included, i n i t i a l l y  equal  t o  
ISS, 
The matr ix  of c o e f f i c i e n t s  fo r  t h e  system of equations 
I(258) is  loaded i n t o  t h e  f i r s t  (c + 1) rows and columns of 
AA. The c o e f f i c i e n t s  I(233b) f o r  j = im t o  c and k = im t o  
c go i n t o  t h e  first c rows and columns, and a r e  set by t h e  
nested DjZJ loops ending with statement 150, The c o e f f i c i e n t s  
I(261b) f o r  j=c + 1 and k = im t o  c are computed i n  the  D@. 
loops ending a t  statement 170. The c o e f f i c i e n t  I(261c) f o r  
j = c + 1 and k = c + ' 1  i s  set up by t h e  loop D@ 180, Fin- 
a l l y ,  t h e  c o e f f i c i e n t s  I(261a) f o r  j = im t o  c and k = c + 1 
a r e  loaded i n t o  AA by t h e  D@ loops ending a t  statement 210. 
I f  t h e  number of dependent spec=es ISMCNR is zero  a 
l o g i c a l  ind ica to r  N$DEPS i s  set t o  .TRL%, a t  t h e  beginning 
of NEWRAP. Tests  on NgDEPS then cause t h e  subroutine t o  
skip a l l  of t h e  D@ loops with D$ ind iczs  running from 1 t o  
ISMCNR, i n  which sum's from c + 1 t o  n a r e  evaluated. 
During an equilibrium expansion t o  high biach numbers, t h e  
mole f r a c t i o n s  of ionized species  can become extremely low 
a s  the  gas  temperature f a l l s  t o  a srr.al1 f r a c t i o n  of i t s  val- 
ue  i n  t h e  reservoi r .  To avoid computational problems a r i s -  
ing when t h e  e l ec t ron  mole f r a c t i o n  becomes exceedingly small, 
t he  e l ec t rons  and a l l  ionized spec ies  a r e  eliminated from the 
equilibrium ca lcu la t ion  whenever the  e l ec t ron  mole f r a c t i o n  
drops below The t e s t  f o r  t h i s  condition i s  i n  s t a t e -  
ment 220. I f  CAPX(1) i s  found t o  be I 10-20, t h e  following 
ac t ions  a r e  taken: 
(1) 'Fhe i nd ica to r  JZK i s  r e s e t  from i ts  i n i t i a l  value 
of 0 t o  1. The l a t t e r  value s i q n i f i e s  t h a t  t h e  
el iminat ion of charged spec ies  has  already been 
performed. 
(2) The number of  ions' ( I C )  i s  subtracted from 
-. ISMCNR and ISSNR. 
(3)  I M  is incressed frcm 1 t o  2. 
(4) A A ( 1 , l )  i s  s e t  t o  1 ,  and a l l  t h e  other  e n t r i e s  
i n  the  f i r s t  row and f i r s t  co1un.n of AA a r e  s e t  
t o  0. 
(5) The e lec t ron  mole f r ac t ion ,  CAPX(l), i s  set t o  
0. 
(6)' The mole f r a c t i o n s  of a l i  t h e  ion species  a r e  
set t o  0. 
Regardless of whether t h e  charged species  have been 
el iminated,  the  system of equations I(258)  is  solved by cal-  
l i n g  s&routine DSMSPL. Improved values f o r  t h e  spec ies  
mole f r a c t i o n s  and the  pressure a r e  then obtained using equa- 
t i o n s  I(262) .  The correc t ion  f a c t o r  l + hnr i n  I(262) i s  de- 
noted by ZB f o r  n = 1 t o  c  ( i .e . ,  f o r  t h e  mole f r a c t i o n s ) ,  
and by ZC f o r  n  = c + 1 ( the  pressure) .  I f  any of these  
correc t ion  f a c t o r s  tu rns  out  t o  be 0 o r  negative,  t h e  cor- 
responding quan t i ty  (mole f r a c t i o n  o r  pressure)  i s  adjusted 
by dividing it by 2. Based on t h e  improved values of p and 
t h e  X i ,  t h e  other  q u a n t i t i e s  i n  t h e  ca lcu la t ion  (ZP = I n  p/po 
and CGlIU (K) = !n xk) , are then recomputed. Next, the  mole 
f r a c t i o n s  f o r  t h e  dependent species  are computed from t h e  
equilibrium r e l a t i o n s  I(224) , which are wr i t t en  i n  the log- 
ar i thmic form 
. C 
The t e r m  I n  %i i s  denoted i n  NEWRAP by C H I I ( i ) ,  equation 
(115). The Pn Xi a r e  computed i n  t h e  ar ray  SKIL(i-c) and 
t h e  r e s u l t i n g  values a r e  saved i n  C G M U ( i ) .  Then the  Xi 
themselves a r e  computed by taking exponentials and a r e  
s tored i n  SKIL(i-c) and i n  CAPX(i) . 
The convergence c r i t e r i o n  f o r  the  i t e r a t i o n  i s  t h a t  t h e  
-. dbsolute magnitudes of a l l  of the  r e l a t i v e  correc t ions  hnr 
be smaller than c.r equal t o  TEST = 10'6. When convergence 
has been achieved, t h e  o ther  flow' ~a r i a b l e s  a r e  computed 
from t h e  pressure,  the  mole f r ac t ions ,  and the  known res- 
e rvo i r  conditions.  The r e l a t i o n s  used i n  these calcula- 
t i o n s  a r e  equations 1(236) ,  I (237) ,  and I(242) f o r  the  mole- 
cu la r  weight, dens i ty ,  and' s p e c i f i c  enthalpy, equations I (79b) 
and 1(81)' f o r  t h e  e2fectS of gas imperfections, equation 
I(263) f o r  the  flow veloc i ty ,  and equation I(264)  f o r  t h e  
mass flux. A s  noted i n  Section 3.22.1, t h e  flow var i ab les  
are computed i n  nondimensional form. 
3-33 Subroutine NEXTMP 
The function of subroutine NEXTMP is  t o  determine t h e  
locat ion (XM~DEL) of the  next  poin t  a t  which model condition 
ca lcu la t ions  are t o  be done. I n  t h e  case of channel flow 
sc lu t ions ,  the  rout ine  determines the  locat ion corresponding 
t o  the  next  spec i f ied  channel width. 
The f i r s t  two arguments of NEXTMP specify which of t h e  
model po in t s  ca l l ed  f o r  i n  t h e  input  have already been passed 
i n  the  current  s o l u t ~ o n .  I T S , i s  t h e  index of t h e  next of t h e  
spec i f ied  tes t -sec t ion  diameters or  channel widths, while 
X @ D ~  i s  the  x-coordinate t h e  next model po in t  i n  the  geo- 
metr ic  sequence of model'points. 
I n  t h e  case of channel flow (NPRFLS = 2 ) ,  the  geometric 
sequence i s  not used. NEXTMP simply c a l l s  subroutine FINDXC 
t o  determine the  pos i t ion  XMgD2 a t  which the  width of the  
wide ( M B L ~ ~ )  p r o f i l e  has the  spec i f i ed  value TCAR(1TS) , and 
s e t s  X M ~ ~ E L  equal  t o  XP.@D2. 
I n  the  case of nozzle flow (NPRFLS = l) ,  the  next 
model poin t  may be e i t h e r  t h e  next po in t  ( X M g D l )  i n  t h e  
geometric sequence or  the  poin t  with t h e  next spec i f ied  a rea  
r a t i o .  I n  t h i s  case;  NEXTblP c a l l s  FINDX t o  determine t h e  loca t ion  
(XWD2) of t h e  po in t  with t h e  a rea  r a t i o  TSAR(ITS), and s e t s  
W D E L  t o  t h e  lower of the  two values XPPD1, XMPD2. I f  the next  I point  t u r n s  out  t o  be a t  the  spec i f ied  area  r a t i o ,  ITS i s  incre- 
rnented by 1 t o  s ign i fy  t h a t  TSAR(ITS) has been used. I f  t h e  next 
po in t  is a po in t  i n  the  geometric sequence,XF@Dl i s  replaced by 
FACMP times XQ@Dl,which i s  the  next subsequent value of t h e  se- 
quence, 
3.34 ~ L b r o u t i n e  N@NEQ 
-. NgNEQ i s  t h e  con t ro l l ing  rout ine  f o r  t h e  nonequilibrium 
flow solut ion.  The o v e r a l l  method of so lu t ion  has been ex- 
plained i n  Section 7 , 2  of Volume I. Br ief ly ,  t h e  so lu t ion  
is s t a r t e d  upstream of t h e  t h r o a t ,  near t h e  reservoi r ,  using 
t h e  perturb? t j  on method, A t  each s t e p  i n  t h e  per turba t ion  
solut ion,  t h e  q u a n t i t i e s  6 X .  (which a r e  measures of t h e  
departures  of t h e  reac t ions  horn equilibrium) a r e  ca lcula ted  
and tes ted .  When a i ~ y  one of these  q u a n t i t i e s  reaches a  spe- 
c i f i e d  s i z e ,  t h e  per turba t ion  technique i s  abandoned and t h e  
so lu t ion  i s  continued by numerical in tegra t ion .  I f  the  in- 
t eg ra t ion  i s  begun w e l l  downstream of the  th roa t ,  it i s  
ca r r i ed  ou t  using the  normal, d i r e c t  method i n  which t h e  
spec i f ied  nozzle geometry i s  taken t o  be a  condi t ion on the  
flow. However, i f  t h e  in teg ra t ion  i s  s t a r t e d  upstream of 
I t h e  t h r o a t ,  an inverse method is  used, i n  which t h e  equi l -  ibrium dens i ty  d i s t r i b u t i o n  p (x) i s  used t o  def ine  t h e  flow. 
I n  t h i s  case,  a switch i s  mace from t h e  inverse method t o  
t h e  d i r e c t  method when t h e  so lu t ion  reaches a po in t  s l i g h t l y  
beyond t h e  throat .  
Figure 17 i s  an o v e r a l l  flowchart aE subroutine N@NEQ. 
This flowchart shows how the  various methods a r e  organized 
t o  produce the  e n t i r e  solut ion.  The operat ions enclosed i n  
double boxes a r e  represent& b,y separate  flowcharts and d is -  
cussed below. IUPD i s  an ind ica to r  which i s  i n i t i a l i z e d  t o  
1 ( i n  subroutine READ), and i s  r e s e t  t o  0 ( i n  subroutine 
THRgAT) a t  the  switch from the  upstream t o  the  downstream 
region. INEQ i s  another ind ica to r ,  i n i t i a l i z e d  t o  0 ,  and 
set  t o  1 when the  numerical in t eg ra t ion  i s  s t a r t ed .  Fig- 
ure 17 does r o t  show a:ly e x i t s  from the  con t ro l  loops t h a t  
generate the  so lu t ion ,  because the  case termination con- 
t r o l s  a r e  within the  boxes labe l led  "Numerical in tegra t ion"  
and "Perturbation solut ion".  The statements involving 
MJ~DLPT, XMSET, and subroutine NEXTMP pe r t a in  t o  t h e  calcu- 





















































































































































































































































































The remaining p a r t s  of  t h i s  sec t ion  d iscuss  indiv idual  
por t lons  and aspects  of subroutine N W Q  i n  d e t a i l .  
3.34.1 I n i t i a l i z a t i o n s  
Figure 18 i s  a flowchart of ' the i n i t i a l i z a t i o n s  sec- 
t i o n  of N$NEQ, represented by' the  uppermost double box i n  
f igure  17. This flowchart shows only the  i n i t i a l i z a t i o n s  
of con t ro l  var iables .  In  the  subroutine, severa l  phys ica l  
var iables  a r e  a l s o  s e t ,  b u t  t h e i r  values a r e  not  needed 
. ' f o r  following t h e  logic .  
The per turba t ion  technique, which i s  used t o  s t a r t  
the  .solution, proceeds by tgking s t eps  i n  temperature, AT. 
The i n i t i a l  temperature decrement i s  given by nT/TC) = DELT1, 
where the  var iable  DXLT1 i s  under input  cont ro l  and has a pre- 
set value of 0.01. This p r e s e t  value of DELTl g ives  f a i r l y  
l a rge  s t eps  i n  the  per turba t ion  solut ion.  I n  cases  includ- 
ing the  boundary layer(ISW3~ # C) , t o  allow mare accurate  
evalua t ioc  of t h e  boundary layer  i n t e g r a l  I (172) ,  DELTl is 
r e s e t  t o  0.049 (1 - CTMAX), where CTMAX i s  the  nondimensional 
sonic temperature T*/TO based on the  equilibrium solut ion,  
I This value gives 20 s teps  upstream of the  t h r o a t  i f  theper turba-  I t i o n  technique i s  used a l l  t h e  way t o  t h e  throa t .  If the  numerical in t eg ra t ion  i s  s t a r t e d  upstrezm of t h e  t h r o a t , a s  i s  usual ly  the  
case, the number of s t eps  i s  l a r g e r  because t h e  i n i t i a l  s t e p  s i z e  i n  
t h e  i n t e g r a t i m  i s  much smaller than t h e  i n i t i a l  per turba t ion  s t e p  
s i ze .  
The temperature, species  concentrations,  and gas prop- 
e r t i e s  a r e  i n i t i a l i z e d  f o r  t h e  nonequilibrium solu t ion  i n  
the  main program. Before c a l l i n g  NPNEQ, the  main program 
sets the  nondimensional temperature CT equal "Lo I. - DELT, 
where DELT i s  s e t  by t h e  same r u l e s  *ised i n  ca lcula t ing  
DELTl i n  NaNEQ. M A I N  then c a l l s  NEWRAP t o  deterihine the  
equilibrium flow conditi  ons a t  t h i s  temperature, ca lcu la tes  
t h e  e f f e c t i v e  area  r a t i o ,  an6 c7etcrmincs t h e  corresponding 
pos i t ion  i n  the  nozzle by c a l l i n g  FINDX. 
A s  expI.;ined i n  Section 7.3 of Volume I, the  system of 
equations used i n  t h e  per turba t ion  technique i s  solvable  
only i f  the  b . ,  matrix has a rank of n-c. The i n i t i a l i z a -  
t i o n s  sec t ion  b2 NjdNEQ computes the  rank IX of B E T A ( I , J )  
and executes an e r r o r  e x i t  i f  IX i s  not  equal t o  n-c. 
.t 
Compute rank I X  of matrix BETA 
I 
Error ,+$ 
Figure 18. Flowchart of I n i t i a l i z a t i o n s  ~ e c t f o n  
OA ;:ubroutine N@EQ 
3.34.2 Switch t o  Downstream Region 
Figure 19 i s  a flowchart of the  operations represented 
by t h e  box label led  "Switch t o  downstrecam region?" i n  f ig-  
ure 17. The coding shown i n  f igure  19 determines whether 
t h e  conditions f o r  switching t o  the dornstrczm solu t ion  have 
been s a t i s f i e d ,  and i f  so,  c a r r i e s  out  the  switch by cs . l l ing 
subroutine THrdAT. The condit ions a r e  a s  follows: 
(1; I)L@GA = d iilX/d~, where i s  thz  a rea  raLio 
conlputed using t h e  inverse method, must be  
nonnegative. 
( 2 )  me pos i t ion  of the  flow po in t  must l i e  beyond 
the  geometric t h r o a t  (CX > 0 ) .  
& 
(3) The area  r a t i o  A = AFNX must be  g rea te r  than 
o r  equal  t o  a value DATEST which i s  prc s e t  
( i n  subroutine INIT) t a  1.01. 
When a l l  of these  condi t ions have been s a t i . ~ f i c d ,  a l a rqe  
number of flow var i ab le  and con t ro l  p a r m e t e r s  a re  sat*, f? 
i n  the  a r rays  TB, ITB,  and BLBK, and tiie switch t o  the  L . , r , i i - *  
stRm region i s  executed by c a l l i n g  THRPAT. In  THR~~AT, I U P D  
is  r e s e t  'tP 0 and RSA is  c c t  t o  a value which resca les  the  
a c t u a l  nozzle g e ~ m e t r y  t o  make it cons is ten t  with A. 
I n  cases  including the  boundary layer ,  t h e  coding i n  
f igure  19 a l s o  s e t s  the  PMDST(1) a r r a y  based on the  d is -  
placement thic'ltness DELBL(1) a t  t h e  f i r c t  poin t  where t h e  
conditions (1) and ( 2 )  a r e  s a t i s f i e d .  
3.34.3 Restart '  of the  Upstream Solution 
Figure 20 i s  a flowchart of the  operat ions r e p r e s e n t ~ d  
by t h e  box label led  "IUPD = 1, Increase DATEST, Res ta r t  a t  
Switch Poxnt" i n  f igure  17. This sec t ion  of NgTJEQ is en- 
te red  when a pos i t ive  value of d l n p / d x  = DLjdGR i s  encnun- 
t e red  i n  the  downstream solut ion.  If t h i s  condition a r i s e s  
so f a r  beyond the  upstream/downstream switch poin t  t h a t  the 
e f f e c t i v e  area  r a t i o  Ac = mNX exceeds DATEST by 5 percent 
of DATEST o r  more, an e r r o r  e x i t  i s  executed. Otherwise, 
Figure 19. Flowchazt o f  Switch t o  Downstream Region 
i n  Subro~tine NgNEQ 
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( B a c k s p a c e  binary output tape I 
I I R e s e t  data s t o r e d  i n  TB,ITB,BLBK 
F i g u r e  20. F l o w c h a r t  of R e s t a r t  of the U p s t r e a m  S o l u t i o n  
a t  the S w i t c h  P o i n t  i n  S u b r o u t i n e  NgNEQ 
the program asstuncs t h a t  t h e  p o s i t i v e  d f n f / d s  value i s  a 
r e s u l t  o f  switching t o  t h e  d o w ~ s t r c m  so lu t ion  t o o  near  
the t h r o a t ,  and a t t c n ~ p t s  t o  recover t h c  c o r r e c t  so lu t ion ,  
To t h i s  end, t h e  e sccss  of  DATEST over u n i t y  i s  doubled, ' 
IUPD is r c s c t  t o  1 (s igni fy ing  the  upstream s o l u t i o n ) ,  t h e  
flow varic&ies and c o n t r o l  parc&netel;.s a r e  a l l  reset t o  their 
va lucs  a t  t h e  previous switch poin t ,  and t h e  s o l u t i o n  i s  
r e s t a r t e d  a t  t h a t  point .  A' counter ARBB ( i n i t i a l i z e d  t o  
.O, i n  subroutine INIT) i s  a l s o  incremented by  1. I f  t h e  
d h  p/dx > 0 condit ion i s  encountered repeatedly a f t e r  suc- 
cess ive  r e s t a r t s ,  the e f f o r t  ' t o  continue the s o l u t i o n  is 
abandoned a f t e r  four at tempts  (ATIBB 2 AW- A = S,,  set i n  
I N I T ) .  Also, before  t h e  restart i s  esecuted, t h e  condi- 
t i o n s  a t  the f i n a l  poin t , .of  t h e  i n v a l i d  dowastream so lu t ion  
a r e  p r in ted  ou t  by s e t t i n g  Tl'RINT = 0. and c a l l i n g  PRTA. 
I f  a binary output  t ape  i s  being produced f o r  subsequent 
use by t h e  NATA p l o t  p r o g r m ,  t h e  records -containing d a t a  
from t h e  i n v a l i d  s o l u t i o n  beyond the switch p o i n t  a r e  eli- 
minated by backspacing t h e  tape. 
= .  
3.34.4 Perturbat ion Solut ion w d  Swikch t o  In tegra t ion  
Figure 2 1  i s  a .flowchart of t h e  opera t ions  represented 
by t h e  boxes l abe l l ed  "Per turba t ion  , so lu t ionw and "Switch t o  
. in tegra t ion?"  i n  f i g u r e  17. These opera t ions  may b e  swn- 
marized as follows: 
(1) Subroutine PERT i s  c a l l e d  t o  compute t h e  
pe r tu rba t ions  PCT ( i n  t h e  nondimensional 
temperature) , PERTGJ (J) ( i n  t h e  spec ies  con- 
cen t ra t ions ) ,  and .SDCHI(I) ( i n  t h e  r e a c t i o n  
parameters Xi). 
(2)  I f  t h e  so lu t ion  i s  i n  t h e  dmmstreain r e g i o i ~  
(XUPD = 0) and t h e  nondimensional temperature 
decrement LTLT is s t i l l  equal  t o  the reduced 
value of DELTl (see p a r t  3.34.1 above) , DELT is 
reset t o  t h c  inpu t  value of DELT1, which was 
saved i n  DELTSV, This i s  done bccause t h e  
s t e p  s i z e  i n  t h c  pe r tu rba t ion  s o l u t i o n  i s  
suEf ic icn t ly  small  i n  t h c  t h r o a t  and near 
dotrnstrcam region,  even. when t h e  l a r g e r  dec- 




















































































































































































































(3) The l a r g e s t  sDcHI (I) value (DCHMPX) and 
the smal les t  (DcHMIN) are determined. 
(4) The r a t i o  RATIg = DCHMm/DCHM?M is examined. 
If t h i s  r a t i o  i s  l a r g e r  than o r  equal  t o , a  
value DCHRAT (p rese t  in .BL@K DATA t o  10-4). 
N ~ Q  proceeds t o  t h e  checks f o r  t h e  switch 
t o  numzrical in t eg ra t ion ,  i t e m  (5) below, If 
RAT19 is  less than DCHRAT, t h e r e a c t i o n  sys- 
t e m  assumed i n  t h e  gas  model w i l l  lead t o  a 
switch t o  in teg ra t ion  a t  a po in t  where some 
of  t h e  r eac t ions  m e  s t i l l  very near  equ i l i -  
brium. The value of RATIjll is  approximately 
indendent of t h e  s i z e  of DCHMAX; thus,  the 
program responds t o  an excessively s m a l l  
value G Z  RAT19 immediately, even though 
DCHMPX may be much smaller o r  much l a r g e r  
than t h e  value CCHI a t  which t h e  switch t o  
in teg ra t ion  i s  desired.  To prevent t h e  pre- 
mature s tar t  o f  the  numerical in t eg ra t ion ,  
NATA a r t i f i c i a l l y  increases  the rate constant  
f o r  t h e  reac t ion  (I = DIAX) f o r  which I SDCHI (I)/= 
DCHMAX, i f  t h i s  can be done without s i g n i f i c a n t l y  
a f f e c t i n g  t h e  solut ion.  This procedure i s  dis- 
cussed near t h e  end of Section 7.3 i n  Volume I. 
If RATIflC DCHRAT, N W Q  determines whether 
t h i s  reac t ion  involves a minor spec ies  (con- 
cen t ra t ion  less than o r  equal  t o  GAMIN, pre- 
s e t  t o  10-10) whose concentration i s  being 
decreased by t h e  react ion.  If so,  the  rate 
constant  f o r  the  D F X ~ ~  reac t ion  is increased 
by a f a c t o r  of RATIg2 = 1.1 *DCHRAT/RATIp, and 
t h e  per turba t ion  ca lcula t ion  f o r  t h e  previously 
assumed temperature i s  repeated. I f  not,  t h e  
per turba t ion  so lu t ion  is continued without 
ad jus t ing  t h e  r a t e  constant. 
(5) The next  s t e p  is  t o  check whether DCHMAX has  
reached t h e  value CCHI a t  which t h e  switch 
t o  the  numerical in t eg ra t ion  is  desired.  I f  
DCHMAX is less than CCHI, t h e  per turba t ion  
so lu t ion  continues. If  t h e  a x i a l  coordinate 
CX is g r e a t e r  than o r  equal  t o  t h e  cu r ren t  
va l  ie of WDEL ( the  coordinate of t h e  
next' model poin t )  , t h e  ind ica to r  WDLPT 
is set t o  ,TRUE,, and subroutine NEXTMP 
is c a l l e d  t o  determine a new value f o r  
WDEL. I n  any event, subroutine PRTA 
is ca l l ed  t o  provide output of t h e  com- 
puted flow condit ions a t  t h e  cu r ren t  po in t  
of t h e  per turba t ion  solut ion.  I f  M@lLPT 
is ,TRUE., PRTA a l s o  c a l l s  subroutine 
WDEL t o  c a l c u l a t e  t e s t  condi t ions on a 
mode 1, 
(6 ) .  After  t h e  r e tu rn  from PRTA, t h e  case t e r m i -  
nat ion tests are applied. I f  CX is g r e a t e r  
than o r  equal  t o  CXMAX, o r  i f  t h e  nondimen- 
s i o n a l  tanperature CT i s  less than o r  equal  
t o  TSTgP, c o n t r o l  is t r ans fe r red  t o  s t a t e -  
ment 660. The flow condit ions and model 
condi t ions a t  t h e  f i n a l  po in t  a r e  then pr in ted  
and the RETURN is executed, 
( 7 )  ' If case termination has no t  been reached, t h e  
temperature CT is decremented by DELT, and 
subroutine NEWRAP i s  c a l l e d  t o  compute t h e  
equilibrium flow condit ions a t  t h e  new temp- 
era ture .  The equilibrium e f f e c t i v e  area r a t i o  
AFNTS is then ca lcula ted  from t h e  c.ontinuity 
equation I(265),  and subroutine AXFIT is  cal-  
led  t o  determine the  a x i a l  coordinate CX a t  
t h i s  a rea  r a t i o .  Control is  then t r ans fe r red  
t o  statement 220 ("CALL DERIVS" i n  f igure  17). 
(8) Once DCHMAX reaches o r  exceeds t h e  c r i t e r i o n  
value CCHI f o r  t h e  switch t o  in teg ra t ion  i n  
s t e p  ( 5 ) ,  N W Q  commences an i t e r a t i v e  adjust-  
ment of t h e  nondimensional temperature CT i n  
order t o  obtain a flow po in t  a t  which DCHMAX= 
ISx iI, s a t i s f i e s  both of t h e  condi t ions i n  
equation I(381). Usually the  per turbat ion 
so lu t ion  overshoots the  second condition 1(381) ,  
i. e. , DCHMAX i s  g rea te r  than PCTEST*CCHI, where 
PCTEST = 1.2 (set i n  subroutine INIT). When 
t h i s  occurs, N-Q c u t s  DELT i n  h a l f ,  adds 
DELT t o  CT i n  order  t o  obta in  a temperature 
halfway between t h e  cu r ren t  value and t5e 
preceding one, and computes the  corresponding 
po in t  i n  t h e  per turba t ion  flow so lu t ion  by 
c a l l i n g  NEWRAP and AXFIT as i n  s t e p  (7) above. 
This procedure, together  with t h e  normal pro- 
cedure f o r  advancing t h e  per turba t ion  so lu t ion  
( s t ep  ( 7 ) ) ,  repeatedly subdivides t h e  tempera- 
t u r e  i n t e r v a l  known t o  contain the f l o v  p o i n t s  
s a t i s f y i n g  t h e  condi t ions I(381).  
(9) When a .point  s a t i s f y i n g  both of t h e  condi t ions 
I(381) has  been obtained, t h e  switch from the  
per turba t ion  technique t o  numerical in t eg ra t ion  
is ca r r i ed  out. The i n d i c a t ~ r  INEQ is reset 
from 0 t o  1 and t h e  per turba t ions  PCT, PERTGJ(J) 
and PRH@ are added t o  t h e  corresponding equi l ib-  
rium flow q u a n t i t i e s  CT, G J ( J ) ,  and RH$. The 
in teg ra t ion  s t e p  s i z e  DELTAX is adjusted,  i f  
necessary, t o  make it no l a rge r  than DXM = 0.01* ' 
. DCHMIN/DCHLL, where t h e  input  DCHLL is p r e s e t  
t o  i n  B L ~ K  DATA, This adjustment pro- 
v ides  a reduced i n i t i a l  s t e p  s i z e  when DCHMIN = 
lax* l .min I a t  t h e  switch po in t  i s  smaller than 
10-4, i.e., when some of t h e  reac t ions  a r e  still 
very c lose  t o  equilibrium. I f  t h i s  reduction in 
DELTAX were omitted, t h e  normal s t e p  s i z e  con- 
t r o l s  of the  i t e g r a t i o n  would s t i l l  b r ing  DELTAX 
down t o  similar values a t  t h e  c o s t  of some addi- 
t i o n a l  computation. Any rate constants.which 
have been a r t i f i c i a l l y  increased i n '  s t e p  (4) are 
now res tored  t o  t h e i r  c o r r e c t  values. Subroutine 
DERIVS is c a l l e d  t o  compute t h e  de r iva t ives  and 
supplementary flow var i ab les  zt t h e  switch poin t ,  
based on t h e  perturbed temperacure and concentra- 
t ions ,  and con t ro l  i s  t r ans fe r red  t o  t h e  numer- 
ical  in teg ra t ion  sec t ion  of NplNEQ. I f  t h e  indi-  
ca to r  FAILED i s  .TRUE. a f t e r  t h e  c a l l  t o  DERIVS, 
an e r r o r  e x i t  i s  executed. This indica tor  i s  
.TRUE. i f  t h e  flow condit ions f a i l  t o  pass cer- 
t a i n  v a l i d i t y  checks i n  DERIVS and C@M. 
3.34.5 Numerical In tegra t ion  
Figure 22 is a flowchart of the  operat ions represented 
by t h e  box label led  "Numerical integrat ion" i n  f i g u r e  17, 
These operations may b e  summarized as follows: 
(1). The case-termination checks are the  same a s  i n  
t h e  per turba t ion  solut ion,  I f  CX 2. CXMAX o r  
CT TSTgP, con t ro l  i s  t r ans fe r red  t o  s t a t c a e n t  
660. The flow condit ions and model condi t ions 
a t  t h e  f i n a l  flow po in t  a r e  then p r in ted ,  and 
t h e  RETURN is executed. 
(2) If t h e  end of t h e  case has  not  been reached, tk 
counter NNN i s  incremented and subroutine PRTA 
is ca l l ed  t o  provide output of  t h e  condi t ions a t  
t h e  flow po in t  reached during t h e  preceding in te -  
g ra t ion  s tep ,  
Next, t he  in teg ra t ion  s t e p  s i z e  DELTAX and t h e  
f a c t o r s  SC and SCD used i n  changing DELT.Y are 
adjusted.  I F  NNN i s  equal  t o  NQS (an input  par- 
ameter, p r e s e t  t o  4 ) ,  then DELTAX i s  mul t ip l ied  
by SC, NNS is  incremented by 1, and NNN is reset 
t o  0. Then i f  NNS is  equa16to  NQS, SC i s  in- 
creased by 0.1, SCD i s  r e s e t  t o  the  new SC value,  
and NNS is reset t o  zero. For NNN < NQS, no 
changes a r e  made i n  these var iables ,  
(4) I n  preparat ion f o r  t h e  next  in teg ra t ion  s t ep ,  t h e  
cu r ren t  valuas f o r  CX, CT, =(I) , and other  quan- 
t i t ies are' saved i n  t h e  s torage loca t ions  CXB, 
CTB, G J B  (I) , etc .  I f  t h e  forthcoming- s t e p  should 
f a i l  f o r  any reason, these da ta  w i l l  be used i n  
r e s t a r t i n g  t h e  so lu t ion  a t  the  beginning of t h e  
s t e p  with a smaller s t e p  s i ze .  
(5) Next, t h e  an t i c ipa ted  pos i t ion ,  CX + DELTAX, a t  
t h e  end of the  forthcoming s t e p  i s  compared with 
X.M@DEL and CXMAX. I f  CX + DELTPX i s  g r e a t e r  than 
e i t h e r  of these values,  DELTAX i s  reduced t o  make 
t h e  end of  t h e  s t e p  coincide with t h e  lesser of 
8 
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the two. I f  the end of the  s tep  w i l l  be at XNj&ETA, 
then WDLPT is s e t  t o  ,TRUE. and the  DELTAX value 
before the  reduction is saved i n  DXSAVE, 
( 6 )  Subroutine RNKT is cal led  t o  compute the  changes 
i n  the dependent var iables  over the integrat ion I 
step. I 
I 
(7) The indicator  FAILED is tested. A ,TRUE. value 
of FAILED indicates  t ha t  a va l id i t y  check was not 
s a t i s f i e d  somewhere i n  RNKT, DERIVS, o r  c@MM, 
I f  FAILED = ,TRUE,, the s tep  s ize  is reduced by 
dividing DELTAX by SCD and the  calculat ion i s  re- 
s ta r ted  a t  the  beginning of the  step,  using the  
data  saved i n  s tep  (4)-  , Tn the  event of such a 
s t ep  restart, a counter I C m T  i s  increnented, 
Also, WDLPT i s  set t o  ,FALSE,, SCD i s  increased 
by a factor  of 1.1, and SC is  reduced by 0.1 (but 
not below 2 value of 1.1) , I n  addition, NNN and 
NNS are  both set t o  zero. The idza underlying 
these changes i n  the  s tep  control  parameters 
i s  t h a t  the  f a i l u re  was caused by i n s t a b i l i t y  
resul t ing from the  use of an excessively large 
' s t ep  size. Either  the  s tep  has been increased 
. too  rapidly, o r  the solution is entering a region 
where the  react ion system requires a smaller s tep  
s i z e  fo r  s t ab i l i t y .  Thus, the  s tep  s i z e  i t s e l f  
i s  reduced, and the  growth i n  s tep  s i ze  is both 
temporarily ar res ted  and reduced i n  rate.  The 
increase i n  SCD allows the  program t o  reduce the  
s tep  s i ze  very rapidly i f  repeated f a i l u r e s  a r e  
encountered i n  the  same step,  as sometimes hap- 
pens i n  runs .using e lec t ronic  nonequilibrium mod- 
els. 
(8) I f  FAILED i s  ,FALSE. a f t e r  the  c a l l  t o  RNKT, addi- 
t i o n a l  va l id i t y  checks I(407) and I(408) a r e  ap- 
p l ied  t o  the  r e su l t s  of the integrat ion step,  I f  
any of these conditions i s  violated,  the  s tep  is  
res tar ted  with a smaller s tep  s i ze  a s  descirbed 
above i n  item (7 ) .  Also an indicator  IFnTL is 
set t o  a d i s t i nc t ive  value fo r  each possible type 
of f a i l u r e .  IFAIL is  a l s o  set when s t e p  f a i l -  
u res  occur i n  o the r  subroutines. Each t i m e  a 
s t e p  f a i l s  and i s  r e s t a r t e d ,  t h e  IFAIL value i s .  
saved i n  thi i n t ege r  array,IF(IC$UNT), Thess 
values can be obtained i n  t h e  p r in ted  output 
by s e t t i n g  I S W ~ B  t o  a negative value i n  t h e  code 
input.  Output o f , t h e s e  da ta  shows what t e s t s ,  
species ,  etc., are con t ro l l ing  the,  in t eg ra t ion  
s t e p  size.* I f  a f a i l u r e  occurs i n  one of t h e  
condi t ions I (407a), I(407c) on t h e  spec ies  con- 
cen t ra t ions ,  then the program checks whether 
t h e  procedure of f reez ing  t h e  concentration of a 
minor spec ies  (Section 7.5.3 of Volume I) is 
applicable.  The condit ions f o r  use of  this pro- 
cedure are t h a t  t h e  spec ies  I, whose concentra- 
t i o n  G J ( 1 )  v i o l a t e s  I (407a) o r  I (407c), s h o ~ l d  
have a concentration -(I) a t  the s t a r t  of t h e  
s t e p  less than GAMIN, and that t h e  concentration 
change f o r  th is  species  over the s tep ,  SDGJ(I), 
be negative. If these  condi t ions are satisfied, 
a l l  of t h e  reac t ions  cont r ibut ing  t o  changes i n  
the concentration cd t h i s  spec ies  are frozen by 
s e t t i n g  t h e  corresponding elements of the a r r a y  
NgREAc(K) t o  .TRUE.. The s t e p  i s  then r e s t a r t e d  
i n  t h e  usual  way. 
(9) If t h e  condi t ions I(407) and I(408a.b) are satis- 
f i e d ,  t h e  in teg ra t ion  s t e p  is presumed t o  be v a l i d  
sub jec t  t o  the condit ion I ( 4 3 8 ~ )  , which is applied 
l a t e r .  The changes SDT, SDTE, SDCHA i n  t h e  depen- 
dent  va r i ab les  during t h e  s t e p  are added t o  t h e  
values CTB, CTEB, CHI3 a t  t h e  start of t h e  s t e p  t o  
obtain t h e  corresponding values a t  t h e  end of t h e  
step.  The species  concentrations a r e  then adjusted 
t o  r e s t o r e  t h e  o r i g i n a l  elemental composition of  
the  gas  mixture, a s  described i n  Section 7.1.3 of 
Volume I and i n  Section 3.34-6 below. Subroutine 
DERIVS i s  then ca l l ed  t o  compute the  de r iva t ives  
and supplementary flow var i ab les  a t  the  end of t h e  
step.  
*The numerical code used i n  IF(IC$UNT)is defined i n  Section 
4.55. 
(10) If  NT = 2 (e lec t ronic  nonequilibriun model), t h e  
condition I(408c) on the  chan~e i n  t he  energy 
t r ans f e r  t o  the electron gas (QDPE or  4,) is 
now applied t o  the  f i n a l  QDPE value resu l t ing  , 
from t h i s  c c l l  t o  DERIVS.. I f  this condition 
i s  not  s a t i s f i ed ,  the  s t ep  i s  r e s t a r t ed  with a 
reduced s t e p  's ize i n  the usual  way. 
- -  . 
(11) Once a l l  of the  v a l i d i t y  checks have been passed, 
SCD is reset equal  i~ SC and the s tep- res ta r t  
counter IC$dUNT i s  re i r r i t ia l ized  t o  0. The coun- 
- 
i 
t e r  ISTEPS f o r  successful  s teps  is incremented 
by 1. The s t ep  s i z e  DELTAX is set eqll.al t o  t h e  
larger  of DELTPX itself and 0,7*DX@LD. Thus, i f  
DELTAX has been reduced sharply by repeated s t e p  re- 
starts, it i s c h e r e  returned t o  70 percent of its value 
c i n  the preceding step. 
i  
(12)  Control i s  now trans£ erred t o  statement 210 (ttMfllDLPT?tl 
c .  
i 
i n  f igure  17) . 1 : 
3.34.6 Element Conservation 
b 3 i ( 1  
$ l.. The adjustment of species  concentrations t o  res to re  con- i servation of t he  chemical e l m e n t s ,  explained i n  Section 7.1.3 
'of Volume I, i s  implemented Ly t h e  coding f r an  statement 800 1 I 
down t o  940 , i n  N-Q. The programming is straightforward, 
and can e a s i l y  be re la ted  t o  t h e  formulas i n  Section 7.1.3 I 




AIN (J , K) 
AA(I,ISMCP~) 8 vEcl (after cel l  to' DSMS~L) 
. .The system of equations I(346) .is solved f o r  dpm by c a l l i n g  
subroutine DSMSPL. Af ter  the adjusted concentrations of the 
dependent spec ies  ( i  = c + 1 t o  n) have been ca lcula ted  from 
X(340) and those of t h e  independent species  ( i  = 1 t o  c) 
from I(338) , t h e  condition I(407a) i s  applied t o  t h e  adjusted 
concentrations. I f  any of these  concentrations i s  found t o  
b e '  negative,  the  s t e p  is r e s t a r t e d  with a reduced s t e p  s i z e  
i n  the  usual  way. .? 
3.34.7 Model Poin ts  I 
The. pos i t ion  of t h e  next mode 1 po.int , a t  any p o i n t  i n  
the flow, i s  denoted by XM@DEL. Whenever a p a r t i c u l a r  model 
po in t  has  been reachdd and t h e  model c a l c u k t i o n s  have been 
done, t h e  new W D E L  value i s  obtained by c a l l i n g  subroutine 
NEXTMP (ITS,XM@Dl,XMj?jDEL). The argument ITS is the index of 
the next  specifiec? t e s t  sec t ion  diameter, and *Dl is  the 
coordinate of t h e  next  model po in t  i n  the geometric sequence 
of model points ,  Subroutine NEXT?@, each time it i s  c a l l e d ,  : 
1 determines w h e t b r  the  next  model p o i n t  i s  a t  t h e  test sec- f 
t i o n  diameter with index ITS o r  a t  XMfdDl, sets XM@DEL accord- / ingly,  and updates ITS o r  W D l  as required. Before NEXTMP 
i i s  c a l l e d  f o r  the f i r s t  t i m e  i n  NgNEQ, t h e  i n i t i a l  values i 
ITS = 1 and -Dl = XMPl must' be set, This is  done by cod- I 
ing shown i n  f igure  17 , a t  the f i r s r  po in t  wherewthe Mach 8 
number AMACH has reached o r  exceeded a va lue 'o f  1.5. A 
.TRUE. value of t h e  i n d i c l t o r  XMSET denotes that this init- 
i a l i z a t i o n  has already be 2n performed, 
The i nd ica to r  M~DLPT, i f  .TRUE., denotes that t h e  cur- 
rent  flow po in t  i n  t h e  per turba t ion  so lu t ion  o r  the integra-  
t i o n  i s  a model point.  If M@DLPT = .TRUE., k?TA c a l l s  e n t r y  
,$UT2 of subroutine @UT1 t o  p r i n t  the  flow conditL-ns (even 
though t h e  TPRINT c r i t e r i o n  may no t  be s a t i s f i e d )  and c a l l s  
WDEL to  compute and p r i n t  the model t e s t  conditions. 
When a model po in t  i s  encou..tered during the  numerical 
in t eg ra t ion ,  DELTAX i s  r e s e t  t o  provide a flow po in t  exac t ly  
a t  t h e  model point.  'During the  per turbat ion solution, MpIDEL 
is ca l l ed  a t  the  f i r s t  so lu t ion  po in t  bey,ond XWDEL. To ob- 
t a i n  a per turba t ion  so lu t ion  po in t  coinciding with W D E L  
m u l d  requi re  an i t e r a t i o n , ,  as i n  the  equiliL:ium and frozen 
flow solu t ions ,  because the . f low i s  generated by decrernent- 
ing  t h e  temperature, no t  by i n c r e m e ~ t i n g  the  pos i t ion  coor- 
dinate.  Such an i t e r a t i o n  has  n o t  been provided i n  t l ~ u  
coding because, i n  the  normal.app1ications of NATA, t h e  
switch from t h e  per turba t ion  technique t o  t h e  numerical in-  
t eg ra t ion  always occurs upstream il t h e  poin t  where t h e  Mach 
number i s  equal  t o  1.5. 
r. 
3.34d8 Error  Exits 
Submutine N ~ Q  contains  t en  e r r o r  e x i t s ,  marked con- 
spicuously w i t k ,  comment cards i n  tlie l i s t i n g .  Whenever one 
of these e x i t s  i s  executed, a message giving the  e r r o r  e x i t  
number i s  wr i t t an  out  before  t h e  DUMP rout ine  i s  ca l l ed  t o  
provide d iagnos t ic  data. T h i s  message fac i  l i t a t e s  deter-  
mining t h e  nature of t h e  e r r o r  t h a t  caused NPNEQ t o  fa i l .  
3.35 Subroutice NRMAX- 
l i s  subroutine determines t h e  sonic  flow ccndi t ions 
f o r  t h e  case of equilibrium flow. Its logic  and s t r u c t u r e  
axe p r a c t i c a l l y  i d e n t i c a l  with those f o r  the  corresponding 
ca lcula t ion  f o r  frozen flow, performed i n  subroutine FRgZEQ. 
The flowchart f o r  t h e  frozen ca lcu la t ion  ( f igure  9) is  appl i-  
cab1.e t o  subrouti.?e NRMAX. The discussion i n  Section 3.22.2 
is a l s o  applicable.  In  t h e  present  case,  the  mass f l u x  a t  
each temperature i s  determined by c a l l i n g  subroutine NEWRAP. 
3.36 Subrou k i l l =  %UT 
This rout ine  simply p r i n t s  a l is t  of d e f i n i t i o n s  of 
the  l a b e l s  used i n  the  output of t h e  flow condit ions and 
test conditions on models and wedges. 
3-37 Subroutine @JTl 
Subroutine mlis t h e  p r i n c i p a l  output rout ine  of , 
NATP-. When ca l l ed  through i ts  f i r s t .  en t ry  poin t ,  it pro- 
duces a p r in t& list o f - t h e  conditions a t  a s p e c i a l  po in t  
i n  the  Llow, such a s  t h e  r e se rvo i r  o r  t h e  sonic  point.  When 
ca l l ed  through i ts e n t r y  @uT~(IS@L~J),  it p r i n t s  a more com- 
'. prehensive spec i f i ca t ion  of t& condit ions a t  a genera l  flow 
point ,  I n  addi t ion,  i f  t h e  ind ica to r  DATAPE is ,TRUE,, a 
call  t o  @JT2 causes a recorc t o  be  wr i t t en  on t h e  b inary  
output t ape  ( tape  8) , f o r  subsequent use by t h e  NATA p l o t  
program. Figure 23 is an  o v e r a l l  flowchart aE t h e  subrou- 
t ine .  ,. 
3.37:l Entry @IT1 
@IT1 is  c a l l e d  (by MAIN) t o  p r i n t  the condit ions i n  t h e  
reservoi r  and a t  t h e  frozen and equilibrium sonic  points.  
Since a ca l l  t o  @UTl precedes each' of t h e  t h r e e  flow solu- 
t ions ,  @l!Pl is a l s o  used t o  i n i t i a l i z e  some q u a n t i t i e s  used 
by PUT2. 
The chemically frozen s p e c i f i c  heet  r a t i c  GAMMA is com- 
eputed i n  a sec t ion  of  coding which i s  used by both  @UTl and 
m 2  F i r s t ,  t h e  e n t r y  THERMl of subroutine THERM is  called 
to  compute t h e  nondimensional species  s p e c i f i c  hea t s  Cpi/Ro = 
CCPJ(I) a t  the  current  nondizensional temperature CT = T/TO, 
The nondimensional molar specific h e a t  of t h e  gas  mixture i s  
then computed as 
.lere t h e  spec ies  mole f r a c t i o n s  Xi a r e  obtained from t h e  
a r ray  SAVEC(1) , where they have been placed by t h e  c a l l i n g  
routine,  Then t h e  thermodynamic r e l a t i o n  
is used t o  obtain t h e  s p e c i f i c  hea t*  r a t i o ,  Y : 
t 
. IFLAG=l 
I n i t i a l i z a t i o n s  
IS6=IABS (ISW6B) 
I6=0 
I I CALL TKERMl 
I Compute CP I 
Compute GAMMA w 
t I II 
Se t  output variables 
P m T ,  U(bUT, etc. 
4 J 
Compute FAREA 
Compute T F L ~  
1 
I RETURN 1 
Print  Output 
Figure 23. Overall Flowchart of Subroutine N T l  
A t  t h e  conclusion of t h i s  ca lcula t ion ,  the i nd ica to r  IFLAG 
is used t o  t r a n s f e r  con t ro l  t o  t h e  appropriate  por t ion  of 
t h e  subroutine, depending on which en t ry  po in t  was cal led.  
I f  en t ry  was through @UT1, con t ro l  passes t o  statement 30. 
The var iables  used f o r  output  of t h e  flow condit ions i n  
jiJU!J!l, namely PjBUT, UWT, etc. ,  are then set. Next, t h e  
e f f e c t i v e  cross  sec t iona l  a rea  of t h e  flow a t  t h e  t h r o a t ,  
FAREA, is computed. For ISW3B = 0 (boundary layer  neglected),  
" FAREA is based upon t h e  geometric dinensions of the  nozzle 
or channel d t  the  throa t ,  For ISW3B # 0, t h e  displacement 
thickness  a t  t h e  t h r o a t  is taken i n t o  account using equation 
I(125) ,  I(129),  o r  I(133) a s  appropriate.  After it has  been 
calculated in square centimeters,  FAREA is converted i n t o  
square f e e t ,  The t o t a l  rhass flow i s  then com uted by multi- 4 plying FAREA by t h e  sonic  mass f l u x  in Ibm/ft sec, 
Final ly ,  the  flow conditions, including t h e  ca lcula ted  
mass flow TF*, are pr in ted  o u t  i n  t h e  form of a list, This 
is followed by a list of spec ies  mole fract ion.  
3.37.2 Entry gUT2 
The operations performed when t h e  en t ry  JbUT2(Is@LN) is 
ca l l ed ,  which a r e  represented by a double box i n  f igure  23, 
. a re  flowcharted i n  d e t a i l  i n  f igure  24. The complexity of 
t h i s  por t ion  d t h e  subroutine r e s u l t s  from t h e  need t o  d e a l  
with various s p e c i a l  cases: 
ISW3B # 0 Boundary layer  included ; output in- 
c ludes boundary layer  displacement 
and momentum thicknesses ,  h e a t  f lux ,  
shear s t r e s s ,  Stanton number, etc. 
ISW3B = 0 Boundary layer  neglected, 
NPRFLS = 1 Flow i s  in a nozzle. 
NPRFLS = 2 Flow i s  i n  a channel; two f u l l  sets 
of boundary layer  outputs  i f  ISW3B # 0. 
JDIM = 0 Two dimensional nozzle. 
Figure 24a. PlovclbirrL of tho Operations Produccd hy Calling Entry giUT2 
of Subroutino @TI (Port a) 
Print rcdction data 
l&&a 24b. Plw.x-lwt of tho Oporatlnna P ~ u o d  by Calling Cnttr 
of Subroutine p ~ T 1  (Ibatt b) 
JDIM = 1 Axisymmetric nozzle. 
L.IM$vT # 9 Include output of SN, XSN boundary 
layer  parameters. 
LIM@UT=O O m i t  t h i s  output. 
The printed  output^ are, i n  most cases, expressed i n  
d i f f e r en t  physical un i t s  from those used i n  the  i n t e rna l  
computations of the  code, Thus, a major function of aUT2 
i s  t o  re-express these quant i t i es  i n  the  desired output 
units ,  The convgrted flow var iables  i n  output un i t s  are 
loaded i n t c  an array FV@JT(I), dimensioned (35). This 
scheme allows the use of compact WRITE statements based on 
implied Dj8 loops, The converted quant i t i es  i n  FVWT are 
a l s o  used i n  the  calculat ions of conditions on wedge models; 
they a r e  communicated t o  subroutine WEDGE through the common 
block ~~UTPUT, Definitions of the WgUT array elements a r e  
given in the  glossary of Fortran symbols, Section 4.31, 
However, the  def in i t ions  w i l l  be reviewed here t o  f a c i l i t a t e  
the  study of the flowchart ( f igure  24)- 
The following elements of FVmT always have the mean- 
ings ir.didated: 
(1) Axial coordina- , x (inches) 
(2) Temperature, T (OK) 
(3) Enthalpy, h iBtu/lb) 
(4) Pressure, p ( a h )  
(5) Density, p (lbm/ft3) 
(7) Velocity, u (f t /sec)  
(8) Mach number, M 
(9) Entropy, s (~tu/lbrn-O~) 
(10) Frozen spec i f ic  heat r a t i o ,  7' 
Effective area ra t io ,  A, 
(12) Reynolds number per foot  
(13) Molecular weight (g /mole) 
(14) Viscosity (lbd ft-sec) 
-- _ (15) Elec t r ica l  conductivity (mho/cm) . 
Element number 6 is absent from this list because i ts  mean- 
ing var ies  with the type of case, a s  explained below, For 
ISW3B # 0, the Reynolds number per foot,  viscosity,  and 
e l ec t r i ca l  conductivity a re  calculated i n  BLAYER, and m 2  
obtains these data from common blocks /BWUT/ and /TRPR@P/, 
For ISW3B = 0, BLAIER isc not cal led and these quant i t ies  
must be computed i n  j6UT2, The viscosi ty  and conductivity 
are  obtained by cal l ing subroutine TRAISSP. 
I f  the boundary layer is included (ISW3B # O ) ,  the ten  
elements FV@UT(16) t o  ~VflUT(25) a re  loaded with data re la t -  
ing t o  the boundary layer. I f ,  i n  addition, a channel geom- 
e t ry  is being used (NPRFLS = 21, these eleme:.ts contain the 
data for  the  boundary layer on the f i r s t  p ro f l : ,~ ,  and the  
ten elements F v ~  (26) t o  FV@UT (35) contain the correspond- 
ing data for  the second prof i le ,  The meanings for  the ele- 
ments numbered 17 t o  25 a re  as follows: 
(17) Boundary layer displacement thickness (inch) 
(18) Boundary layer mqentum thickness (inch) 
(19) Heat f lux t o .  nozzle wall  ( ~ t u / f  t2-sec) 
2 (20) Shear stress on nozzle w a l l  (lbf/ft ) 
(2 1) Recovery enthalpy ( ~ t u / l b m )  
(22) Prandtl number a t  t he  reference temperature 
(23) Stanton number 
; ; ( I  (24) Reynolds number Ree based on momentum thickness  
. . 
i 
. I (25) Value of R% f o r  boundary layer  t r a n s i t i o n  
The d a t a  on geometric a rea  r a t i o  and nozzle diameter o r  chan- 
n e l  widths is placed i n t o  Fv@JT(6), J ? v @ J T ( ~ ~ )  , and FV@JT(26), 
The arrangement of these  d a t a  depends upon t h e  type of case 
I being t rea ted:  
A, I f  ISFGB = 0, NPRFLS = 1: FVfiUT(6) = nozzle dia- 
meter ( inch) ,  I n  this case, t h e  geometric area 
r a t i o  i s  equal  t12 t he  e f f e c t i v e  a r e z  ratio, FV@W(11), 
B. I f  ISW3B = 0, NPRFLS = 2: FVNT(6)is set to a 
la rge  value which exceeds t h e  width of t h e  F for- 
m a t  used and thus  p r i n t s  as a row of  a s t e r i sks .  
The width of t h e  channel sur face  ly ing  on t h e  
f i r s t  p r o f i l e  i s  s e t  t o  CHDIMS(2). The corres- 
ponding width f o r  t h e  surface wi th  the  second 
p r o f i l e  goes i n t o  CHDIMS (1) . These CHDIMS ( I )  
values are p r in ted  on a separa te  l i n e  i n  t h e  
block of output. The geometric area r a t i o  i s  
again equal  t o  t h e  e f f e c t i v e  a rea  r a t i o ,  
C. I f  ISW3B # 0, NPRFLS = 1: FVgUT(16)= geometric 
area r a t i o ,  FVmT (6) = nozzle diameter (inch) , 
D, If ISW3B # 0, NPRFLS = 2: FV@UT(~) = geometric 
area r a t i o ;  FVNT(16) = width of  channel sur face  
lying on the  f i r s t  p r o f i l e  ( inch) ;  and FVmT(26) = 
width of channel sur face  lying on t h e  second pro- 
f i l e  ( inch) ,  
Note t h a t  i n  t h e  channel case (NPRFLS = 2 ) ,  thk width of t h e  
, 
surface lying on a given p r o f i l e  is  t w i c e  the  ord ina te  of 
the o ther  p r o f i l e ,  
Af ter  t h e  d a t a  have been loaded i n t o  t h e  output a r rays ,  
they a r e  p r in ted  out. F i r s t ,  a l i n e  of a s t e r i s k s  i s  p r in ted  
t o  separa te  t h e  new block of output  from the  previous one. 
Imbedded i n  t h i s  l i n e  i s  a woxd ("frozen",  "equilibrium", o r  
"nonequilibrium" ) i den t i fy ing  t h e  type of so lu t ion  being 
computed, based upon the  entry-point  argument. ISPLN. I n  
t h e  case  of a  nonequil ibriwn s o l u t i o n ,  t h e  number of i n t e -  
g r a t i o n  s t c p s  s i n c e  the  l a s t  ou tpu t  of flow v a r i a b l e s  
(NSTEPS) and t h e  va lue  of  t h e  i n d i c a t o r  INEQ a r e  a l s o  
p r i n t e d  i n  t h i s  d i v i d e r  l i n e .  Note t h a t  NSTEPS is i n i t -  
i a l i z e d  i n  gUT1 tu t h e  seven-digi t  va lue  1000000, so t h a t  
when p r i n t e d  (with an I 6  format) i n  t h e  f rozen and equi- 
l ib r ium s o l u t i o n s ,  it g ives  a row of s ix  a s t e r i s k s .  
Following t h e  d i v i s e r  l i n e ,  t h e  f i r s t  f i f t e e n  elements 
of  FVfduT(1) a r e  p r i n t e d  by a s i n g l e  WRITE statement.  The 
a r r a y  VARNAM(1) appearing i n  t h i s  s ta tement  con ta ins  t h e  
H o l l e r i t h  l a b e l s  f o r  t h e  ou tpu t  v a r i s b l e s .  Then, i f  ISW3B 
i s  nonzero, t h e  boundary l a y e r  d a t a  i n  FVIb'JT(16) t o  F V # U T ( ~ ~ )  
o r  FVguT(35) are pr in ted .    or channel  c a s e s  wi thout  t h e  
boundary l aye r ,  t h e  channel  widths  CHDIMS(1) a r e  p r i n t e d  on 
a sepa ra t e  l i ne .  If LIWUT i s  nonzero, t h e  boundary l a y e r  
parameters s t o r e d  i n  FV$2(I,J) are p r i n t e d  on a s e p a r a t e  
l ine .  For nonequil i5rium s o l u t i o n s  based on an e l e c t r o n i c  
nonequil ibrium model, tile e l e c t r o n  temperature,  t h e  radia-  
t i v e  and e l e c t r o n i c  energy t r a n s f e r  t e r m s ,  and t h e  t o t a l  
enthalpy a r e  loaded i n t o  T N ~ U T  (I) and p r i n t e d ,  
Next, i f  ISW6B is  nonzero and IS~LN is n o t  equa l  t o  I, 
and if I 6  i s  equa l  t o  IS6, t h e  spec j c s  mole f r a c t i o n s  are 
p r in t ed .  The test on I 6  prov ides  ou tpu t  of  t h e s e  s p e c i e s  
d a t a  every 1 ~ 6 t h  t i m e  9 ~ T 2  i s  c a l l e d  i n  t h e  equi l ib r ium and 
nonequil5'~rium s o l u t i o n s ,  where IS6 = I ISWGBI , F i n a l l y ,  i f  
ISW6B is nega2,-ive' and ISgLN = 3 inonequil ibrium s o l u t i o n )  
and if 16 = XS6, a t a b l e  o k  r e a c t i o n  r a t e  d a t a  is p r i n t e d  
out.  This  table inc ludes  Pi, Xi, and P i  Xi f o r  a l l  of t h e  
r e a c t i o n s  (i = 1 to  r),  and d  h vj/dx f o r  a l l  t he  species 
( j  = 1 t o  n).  
I f  DATAPE is .TRUE,, a record is  w r i t t e n  on tape 8 f o r  
subsequent use by t1.e NATA p l o t  program. 
3.28 Subrau t i n e  PERT 
The func t ion  of  subrout ine  PERT i s  t o  compute t h e  per- 
t u r b a t i o n s  i n  t h e  flow v a r i a b l e s  by so lv ing  t h e  fol lowing 
system of  n+2 l i n e a r  equations:  
Equation Index Equation 
1 t o  c I(368) f o r  j = 1 t o  c 
c+l t o  n I(362) f o r  j = c + l  t o  n 
The unknowns a r e  PERTGJ ( J )  = d Y. f o r  j = 1 t o  n,  PCT = & T / T ~  
and PR@ = s p  / Po, i n  t h e  order3 l i s t e d .  The simultaneous 
so lu t ion  is obtained by c a l l i n g  subroutine DSMSgL, 
The c o e f f i c i e n t s  and constants  f o r  t h e  above system of 
equations a r e  set uy, i n  the  common a r ray  AA. F i r s t ,  t h e  
region of AA which i s  t o  be used i s  zeroed. Then, i n  t h e  
D$8 loops ending a t  statement 20, t h e  c o e f f i c i e n t s  f o r  equa- 
t i o n s  I(368) a r e  s e t  i n t o  AA(1 ,  J) f o r  I = 1 t o  ISC. The 
coding down t o  the  statement following 110 then loads the  . 
c o e f f i c i e n t s  of equations I(362) i n t o  AA(1,J )  f o r  I = ISC + 1 
t o  ISS, and loads t h e  c o e f f i c i e n t s  f o r  equation I(374) i n t o  
k A ( I s s P 1 , ~ ) .  I n  t h e  ca lcu la t ion  of t h e  c o e f f i c i e n t s  f o r  
1(362), t h e  Fortran index I corresponds t o  j i n  I(362) , J 
corresponds t o  k and K corresponds t o  i. The coding from 
D(b 120 down t o  the  second statement below 130 sets q~ t h e  
c o e f f i c i e n t s  f o r  equation I(380) i n  AA(ISsP2, I) . Fina l ly ,  
t h e  loop D@ 140 loads t h e  constant  terms of equation I(362) 
i n t o  AA(I,IssP~) f o r  I = ISCPl t o  ISS. The remaining equa- 
t i o n s  are a l l  homogeneous, s o  t h a t  t h e i r  constant  terms have 
been set by t h e  i n i t i a l ' z e r o i n g  of t h e  AA array.  - 
After  DSMS@L has  been c a l l e d ,  t h e  values obtained f o r  
t h e  per turba t ions  a r e  retrieved from t h e  column A A ( I , I S S P ~ ) .  
Then t h e  6 Xi values,  denoted by SDCHI (I),  are calcula ted  
from equation I(360) . 
3.39 Function PIgMEG 
This rout ine  provides t h e  Maxwell-averaged momentum 
t r a n s f e r  c ross  sec t ion  f o r  c o l l i s i o n s  of e l ec t rons  with 
n e u t r a l  species  as a funct ion of t h e  e l ec t ron  temperature, 
TE. The c ross  sec t ion  i s  ca lcula ted  by l i n e a r  in te rpo la t ion  
i n  a t a b l e  s tored i n  conunon block /TNEQ/. 
3.40. subroutine PR$P 
The function o f  t h i s  rout ine  is t o  compute the flow 
-. 
conditions a t  a spec i f ied  temperature i n  the  .frozen flow 
solut ion.  Since PRgP makes use of species  thermal proper- 
ties, a c a l l  t o  PRfbP must always be preceded by a ca l l  t o  
THERM. 
' The technique used by PR$P has been discussed i n  Sec- 
t i o n  6.4.of Volume I. The coding i s  s t r a i g h t f c w a r d .  A s  
noted i n  Sect ion 3.22.1, ' tsk flow var i ab les  a r e  computed i n  
nondimensional form. I n  p a r t i c u l a r ,  equation I (267) f o r  t h e  
pressure i s  w r i t t e n  i n  the form 
The f i r s t  sum on t h e  .r ight i s  evaluated i n  PRgP as 
The remaining t h r e e  terms o n . t h e  r i g h t  i n  (123) a r e  computed 
as Wo ENT, where ENT has been ca lcula ted  i n  FRPZEQ before  
PR@ i s  f i r s t  cal led:  . 
3.41 Subroutine PRTA 
This  subroutine con t ro l s  t h e  output of the  flow condi- 
t i o n s  and executes the  c a l l s  t o  the  WDEL rout ine during 
t h e  nonequilibrium solution. It a l s o  c a l l s  subroutine BWAU 
with t h e  a r g m n t  FINAL = .TRUE., t o  update t h e  de r iva t ive  
of  t h e  boundary layer  displacement thickness  and provide per- 
m a e n t  increments t o  t h e  Cohen-Reshotko boundary layer  in te-  
g ra l .  PRTA c a l l s  BWALL even i f  the'boundary layer  i s  being 
neglected i n  t h e  flow solu t ion  (ISW~B = O ) ,  because t h e  out- 
p u t  and model rout ines  need t h e  spec ies  mole f r ac t ions ,  
-. which are computed and loaded into common block /TWRY/ by
BICALL. For ISW3B = 0, t h e  c a l l  t o  t h e  boundary layer  rou- 
t i n e  BLAYER is  suppressed i n  BLCALL. 
The s t e p  &ze i n  the  nonequilibrium in tegra t ion  i s  o f t en  
q u i t e  small, e spec ia l ly  i n  t h e  region upstream of t h e  t h r o a t ,  
where some of the  react iol is  may s t i l l  be near ly  i n  equ i l i -  
brium, To avoid t k e  excessive output which would r e s u l t  i f  
t h e  flow condit ions were p r in ted  out  forevery  s t e p  in such 
regions of small  s t e p  s i z e ,  NATA p r i n t s  t h e  r e s u l t s  of t h e  
nonequilibrium solu t ion  a t  i n t e r v a l s  of TPRINT i n  t h e  non- 
dimensional temperature CT. The con t ro l  parameter TPRINT 
is  p r e s e t  t o  0.01, and i s  under input  con t ro l  (with the  in- 
pu t  name TPRNTI). A counter (NSTEPS) is  used t o  determine 
t h e  number of s t eps  computed between successive p r i n t o u t s  
of t h e  flow conditions. This information i s  included i n  the 
pr in ted  output, 
I f  t h e  flow solu t ion  i s  being generated by t h e  perturba- 
t i o n  technique (INEQ = O ) ,  t h e  temperature perturbatioii  PCT 
i s  added t o  CT before subroutine 9UT2 i s  ca l l ed  t o  produce 
the  output. ThenPCT is  subtracted t o  r e s t o r e  CT t o  i t s  
equi  l i b~ iwn  flow value. 
3.42 Subroutine PUTOIN 
- .(.P,s) 
The computa t io~~ of t h e  cross  sec t ions  n ii required 
i n  t h e  t r anspor t  property c a l c u l a t ~ o n s  f o r  any-$articular 
condi t ions of gas temperature, pressure,  and composition i s  
ca r r i ed  out  i n  t h e  NATA code under t h e  general  con t ro l  of 
subroutine PUTQIN. The scbrout ine s e l e c t s  d a t a  for each s t e p  
of the  computations from t h e  edi ted cross  sec t ion  da ta  i n  
common blockflRANS7/, c a l l s  the  appropriate  subroutine t o  
c a r r y  out  the  computations, and then re tu rns  the comptited 
c ross  sec t ions  f o r  a l l  species  p a i r s  t o  subroutine TRANSP 
i n  t h e  Q ( K , I  , Jj a r ray  of common block   TRANS^/ (see the  
discussion of subroutine TRANSP). The argument X of sub- 
rout ine PUTQIN is the p a r t i a l  pressure of e l ec t rons  i n  t h e  
spec i f ied  gas mixture, i n  atmosphcres, a  quan t i ty  which i s  
needed i n  the  computation of e f f e c t i v e  Coulomb cross  sec- 
t i o n s  from equations I (100) .  
Before beginning t h e  cross  sec t ion  computations, sub- 
rou t ine  PUTQIN i n i t i a l i z e s  Q (K, I, J) t o  zero f o r  a l l  p a i r s  
of species  included i n  t h e  cross  sec t ion  computations.* I f  
the  f i r s t  en t ry  i n  theV a r ray  i s  p o s i t i v e ,  a s  it should al- 
ways be f o r  proper operation of t h e  code, Q (1.2, l) i~ s e t  
t o  0.8 Qc, where Q, i s  t h e  quant i ty  defined 3y equation 
I(100b), f o r  l a t e r  use i n  the  computation of e f f e c t i v e  Coul- 
omb c ross  sec t ions  f o r  t h e  mixture. The zemainder of the  
subroutine down t o  statement 240 then c o n s i s t s  of a  loop 
which goes through t h e  s t eps  L of the  cross  sec t ion  compu- 
t a t i o n  one by one and accumulates the  valnes of the  cros.- 
sec t ions  f o r  all species  included i n  t h e  computations i n  
t h e  a r r a y  Q ( K , I  , J) . I n  t l r i s  computation, t h e  index K = KQ (i) 
ind ica tes  t h e  option tc be used i n  performing t h e  Lth s t e p  of 
t h e  compatations (see Section 4.6 of Volume Sf), M i s  t h e  
locat ion of t h e  f i r s t  parameter f o r  t h e  Lth s t e p  of t h e  com- 
puta t ions  i n  t h e  parameter a r ray  V, and LQ1 an< LQ2 a r e  the  
loca t ions  respect ive ly  of t h e  f i r s t  and l a s t  p a i r s  i n  t h e  
IQ, JQ a r r a y  t o  which the  computations of t h e  ~ t h  s t e p  a r e  
t o  be applied. For each s t e p  L of the  computations, subrou- 
t i n e  PUTQIN determines t h e  o p t i ~ n  which i s  t o  be used f c t r  
t h a t  s t e p  from t h e  KQ a r ray  and then c a l l s  t h e  appropriate  
subroutine t o  c a r r y  out  the  computations f o r  t h a t  option, 
a s  indicated i n  Table 11. For the  Coulonib c ross  sec t ions  
(KQ = 2)  however, t h e s e  computations a r e  c a r r i e d  ou t  i n  sub- 
rout ine  PUTQIN i t s e l f  using the  previously computed value 
0.8QC. 
*Note t h a t  t h e  number N of spec ies  i n  t h e  c r o s s  sec t ion  com- 
puta t ions ,  which i s  s tored  i n  common block /TRANS%/, is  not  
necessar i iy  the  same as the  number of s;?ecies i n  t h e  t rans-  
p o r t  c a l c u l ~ i t i o n s  which i s  s tored  i n  co:nrnon block /TRANsS/. 
TABLE I1 
SUBROUTINES USED I N  CROSS SECTION COMPUTATIONS 
A s  indicated i n  Table 11, the subroutines ca l l ed  by PUTQIN 
may b~ divided i n t o  th ree  general  types,  based on the  manner 
i n  which they re tu rn  t h e i r  output. The f i r s t  and most com- 
msn1 u ed-t e 1 ,  retugns the  th ree  cross  sec t ion  values 
fi (It lf, n Bt i, and B* ('8 l! computed for the  s t e p  t o  
subrockine PUTQIN i n  t h e  th ree  loca t ions  @ M ( l ) ,  pM(2), and 
gM(3) respective1.y of the dimensioned var iable  PM. The loop 
.from statement 190 through 200 of PUT@IN then adds these  
computed values t o  the  previously com;?uted cross  sec t ions  
Q(K,1Q8 JQ) , f o r  each p a i r  of species  i i l  t h e  IQ,JQ a r ray  t o  
which the  s t e p  applies. .  For the  type 2 subroutine's, on the  
o ther  hand, t h e  c ross  s e c t i o r ;  are loaded d i r e c t l y  i n t o  the  
Q a r ray  by the  scbroutine which ca lcu la tes  them, and s ta tazents  
190 through 200 i n  PUTQIN a r e  b+eassed. The reason f o r  t h i s  
difcerence i s  t h a t  f o r  the type 2 subroutincs the computed 
values of the cross  sec t ions  f o r  a species  depend on the  
indices  of t h e  species ,  s o  t h a t  a s ing le  s e t  of cross  scc- 
t iaz valfies cannot be returned f o r  a l l  p a i r s  of spec ies  t o  
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The s ing le  type 3 subroutine i n  the code, QM (charge 
exchange czoss sec t ion) ,  r e tu rns  the  computed cross sec t ion  
values f o r  the , s t e p  i n  the var iablc  j2bl a s  do  t h e  type 1 sub- 
rout ines ,  However, i n  t h i s  case, the coding of subroutine 
PUT0JX o f f e r s  a choice, determined by t h e  input  values o f -  
V f o r  the option, . s t o  whether t h e  computed c ross  sec t ions  
f o r  t h e  s t e p  w i l l  be added t o  the previous cross  sec t ions  
by t ransfer r ing  con t ro l  t o  statement 190, as f o r  a regular  
type 1 subro t i n  , o r  wi l l_be  used t o  replace  the previous 
values 03 fiYl8l7 and B* fi by t r ans fe r r ing  con t ro l  t o  
statement 170 and bypassing 190. 
The f i n a l  sec t ion  of  coding between statements 210 and 240 
of PvJTOIN produces a voluminous dump of c r o s s  sec t ion  d a t a  
under con t ro l  of t h e  inpu t  parameter ISK8B. For ISW8B (_ 0, 
t h i s  dump i s  no t  produced. For ISW8B > 0, t h e  dump is pro- 
duced the f i r s t  time PUMIN is c a l l e d  and every ISFJSBth t h e  
thereaf te r .  Note t h a t  PUTQN is ca l l ed  once each time sub- 
rout ine  TRANSP i s  executed t o  compute t r anspor t  propert ies .  
For each s t e p  i n  the cross  sec t ion  ca lcula t ions ,  t h e  dump 
includes a l i n e  of output giving the number of t h e  s tep ;  t h e  
code nuniber KIQ of t h e  c ross  sec t ion  opt icn used i n  the step'; 
i t he  pos i t ions  i n  t h e  T?, JQ ar rays  of t h e  first (LQ1) and t h e  l a s t  (NQ(L) ) p a i r s  of spec ies  f o r  which c ross  sec t ions  
are calculated i n  t h e  s tep ;  and t h e  pos i t ion  M of t h e  f i r s t  
unused parameter i n  t h e  V array,  Below t h i s  l i n e  of  index- 
ing informa 'on the  calculated values of t h e  averaged cross  
sec t ions  fi!!, 'j f o r  a l l  p a i r s  of species  i n  t h e  mixture are 
1 pr in ted  ou t  2s ch&y e x i s t  a t  t h e  conclusion cf the step.  To- 
gether  with t h e  i n i t i a l  e d i t  o f  t h e  cross  sec t ion  ca lcu la t ions  
(Section 3.9 of Volume II), t h i s  PUTQIN dump allows d e t a i l e d  
checking of t h e  operation of the  cross  sec t ion  ca lcu la t ions  
f o r  a new gas m d e l ,  s ince  the  e f f e c t  of ac\ s t e p  i n  the cal-  
cu la t ions  upon each p a i r  c ross  sec t ion  A?*'') is c l e a r 1  
- Y2,z) shcm. The rout ine  could e a s i l y  be modiffad t o  p r i n t  
and B* fi !$, '1, i n  addition.  
11 
Subroutine QCflUL computes t h e  factor 0,8Q, i n  t h e  
Coulomb cross  sect ion from equation I (100b). Inputs  f o r  
t h i s  computation are the  temperature T i n  OK and t h e  
electron pressure X = n&T i n  atmospheres, The computed 
value of 0.8Qc i n  10 -I6 cm2 is  returned i n  ell. For 
C 5 0 ,  .Rn ( f A ) i n  I(100b) i s  set t o  1.0 while fo r  C > 0 
it is calculated correct ly  from I (100c) and 1 (100d). To 
prevent overflow when ne = 0, a small quanti ty (-10-~OT~) 
is added t o  X before carrying out  the  computai=ions. 
3.44 Subroutine QM 
S roukine QEX compttes t he  averaged cross sect ions 
fi ( l t 8  and B* fi ( 1 8 ~ )  i n  10-l6an2 f o r  a pa i r  of species 
between which there  is an exchange in teract ion (i-e, ,  an 
in teract ion such as charge exhaage i n  which the i d e n t i t i e s  
of the  t i o  species are interchanged) having a cross sect ion 
of the form 
2 Qex = (A-B logl0v) , (126) 
where v is the  r e l a t i v e  veloci ty  i n  
- (1% sec, The formula fo r  the averaged cross  sect ions fi is then (ref. 9) : 
where s+ 1 
1 
CJn. (4k/NO) + C 9 - 2  ]loglOe 
n=l  
I 
Y = 0.577216 ... is Eule r l s  constant, and W is the molecu- 
lar weight, Putting the  numerical values i n to  equations 
(127) an_d I (91)  then gives t h e  formulas used fo r  fi ( l t l )  
and B* fi ( l t l )  i n  t he  subroutine. Since the cross section 
fi (2.2) i s  not  aEfect ?d by exchange (ref .  10). subroutine 
QEX sets the  contri3ution fdM(2) t o  t h i s  cross sect ion equal 
t o  zero, 
3-45 Subroutine QEXP 
Subroutine EXP co utes the ayeraged col l is ion cross f 8  ~ ( 2 3 ) ~  and B* a(1.1) i n  10-16 sections fi (1, 1 
for  a pa i r  of species interacting according tothe exponen- 
t i a l  potent ia l  9 = ~ e - ~ l ? '  , where r i s  the distance between 
the two species i n  R. These cross sections are obtained by 
l inear  interpolation in Monchickl s tables  (ref .  11) of oc 
versus u , A*. and B*. where 
and 
which a r e  stored i n  common block /rRAhTSq/. The table lookup 
and interpolation are  carried out by a c a l l  t o  subroutine 
QINTRP, The coding assumes t h a t  there a re  50 en t r ies  i n  
these tables. 
3-46 Subroutine QIJSTRP 
Subroutine QINTRP is  used by several of the other cross 
section s&routines for  interpolating tabular data stored 
i n  common block/l?R~N~4/. In  t h i s  interpolation, the indepen- 
dent variable is assumed t o  be stored i n  monotonically in- 
creasing order i n  the array TL, s ta r t ing  a t  location N1 ,  and 
the corresponding values of the three dependent variables i n  
the corresponding locations of the fi lEGA1, S T A R  and BSTAR 
arrays. The argument N,of the subroutine represents the 
number of data points t o  be included i n  the table, and A 
and B are  respectively the values of the independent and 
dependent variables for  the interpolation, The subroutine 
searches the data i n  the TL array for  the specified value 
A of the independent variable and, i f  A i s  found t o  l ie  
within the range ~5 the table,  carr ies  out a l inear inter-  
polation of the tabular data t o  determine the values B(J) 
of the three dependent variables corresponding t o  the spec- 
i f i e d  value A of the independent variable, I f ,  on the other 
hand, A lies outside the  range of the table,  the  l a s t  two I 
data points i n  the table  a re  l inearly extrapclated t o  det- 
ermine the values of the  dependent variable B and, i f  
ISW8B # 0, a message is printed out indicating tha t  an 
extrapolation of the data was required, This message gives 1 
the location i n   he TL array a t  which the extrapolation 
occurred, the desired value. A of the independent variable, i 
and the two values 02 the variable from the TL array used 
i n  the extrapolation, 
. 
3-47 Subroutine Q I J  
c, 
W determnines the coll ision cross sections 
a t  temperature T for  a pair  
of species interacting according t o  the Lennard-Jones 6-12 
potent ia l  @ = 4 E I( cr /r)I2 - ( ~ / r ) 6 1 -  b linear- 'nte - 
polation i n  tables  of T* = I ~ T / F  versus l) *= nt1,1f/n~2, 
A* = f i (2~2) /  fi (l. , and B* which have been computed for  t h i s  
potent ia l  by Monchick and Mason (ref,. 12). These tables  con- 
tain data f o r  37 reduced temperatures T* from 0.1 t o  100 and 
are stored i n  the arrays TL, a E G A 1 ,  ASTAR, and BSTAR respec- 
t ively i n  common blockFRAN~4/, s ta r t ing  a t  location Nl = 501 
i n  tha arrays. 
3-48 Subroutine QMIX 
Subroutine QMIX computes cross sections from the empir- 
i c a l  mixing ru le  I(102) and adds them t o  the prsviously 
computed cross sections Q ( K , I , J )  For a ser ies  of species 
pa i rs  given i n  the IQ, JQ arrays i n  common ~ ~ O C ~ / T R A N S ~ / .  
The arguments I421 and LG2 o f ' t h e  submutine indicate the 
positions of the f i r s t  and l a s t  pa i rs  i n  the IQ, JQ array 
t o  which these cornpatations are  t o  be applied, 
To avoid computing the square roots required i n  equa- 
t i c m  I(102) several times i n  a single c a l l  t o  QlTlX, these 
quant i t ies  are stored i n  the array 
Upon each entrance t o  the  subroutine, the  values of S Q T ( ~ , I )  
a r e  set t o  0.0 f o r  a l l  spec ies  I, t o  ind ica te  t h a t  they have 
not y e t  been calculzted i n  the  current  c a l l  t o  QMIX. (Note 
t h a t  values of SQT cannot be saved. over 'from one c a l l  t o  
QMIX t o  tile next,  s ince  the  values of t h e  c ross  sec t ions  
Q(K, I, I) may have changed 'between the  two ca 11s. ) The 
remainder of the  subroutine then cons i s t s  of a loop over 
- t he  species  p a i r s  I, J which ' a r e  t o  be included i n  the  com- 
putation. For each p a i r ,  t h e  subroutine checks t h e  values 
of s Q ~ ( 1 ,  I) and SQT(1, J) t o  determine i f  they have been cal- 
culated previously i n  t h e  loop, and, i f  not ,  computes t h e  
required values of SQT from (129) f o r  K = 1, 2, and 3. The 
SQT values f o r  tile p a i r  < a r e  then used i n  equation I(102) and 
tine r e s u l t s  added t o  t h e  previously computed c ross  sec t ions  
Q (K, I, J) t o  obta in  thec  f i n a l  c r o s s  sec t ion  values f o r  t h e  
pa i r .  
Since t h e  edi ted  c ross  sec t ion  d a t a  prepared by sub- 
rout ine  XSECT may contain s t e p s  usirig t h e  option KQ = 10 
whic3 do not  apply t o  any species  p a i r s ,  a provis ion t o  
bypass t h e  c ross  sec t ion  computations completely when 
I421 > W2 is included i n  the  subroutine QMIX t o  allow f o r  
t h i s  p o s s i b i l i t y  
3.49 Subroutine QREPP 
S roc t ine  QREPP cornpub s t e averaged c r o s s  sec t ions  Y fi ('*jiP, nt2t2), and B * f i ( l t 1  i n  u n i t s  of 10-16 m2 f o r  
a p a i r  of spec ies  which i n t e r a c t  according t o  an a t t r a c t i v e o r  ! 
i 
repuls ive inverse power p o t e n t i a l  of t h e  form (b = Ar' 7, 
where r is tlie d i s t ance  between t h e  species  i n  2. The cross  
sec t ion  formulas f o r  t h i s  p o t e n t i a l  are ( re f .  13): 
where J ~ M E G A ~ ( ~ T L )  , ASTAR(1TL) , and BSTAR(1TL) are inpu t  
q u a n t i t i e s  g i  .2n by equations I (105) . 
3.50 Subroutine QSAME ! Ir ; 
Subrout ine  QSAME sets t h e  c ros s  s e c t i o n s  f o r  a s p e c i e s  
f o r  ano ther  p a i r  (I,J). The coding o f  t h e  subrout ine  2ermits  
i p a i r  ' equal  to '  a cons tan t  mu l t i p l e  o f  t hose  computed previously  
k 
2 
a d i f f e r e n t  conct  o f  t h e  t h r e e  
cross s e c t i o n s  fi t E ? 
1 
3.51 Subroutine QTAB t 3 > 
Subrout ine  QTAB o b t a i ~ s  t h e  values  o f  t h e  c ros s  s e c t i o n s  f i ( l .1 )  , n(282) , and B* ( l .1)  f o r  a p a i r  o f  s p e c i e s  a t  ? 
a given temperature T by l i n e a r  i n t e r p o l a t i o n  i n  t a b l e s  o f  
(181)8 f i ( * , 2 )  and B* versus  temperature f o r  t h e  spec i e s  
which a r e  included i n  t h e  input .  The t a b u l a t e d  d a t a  a r e  ! 
assumed t o  be given i n  t h e  a r r a y s ' f Z f ~ ~ ~ A 1 ,  STAR, BSTAR, and 1 
TL, r e spec t ive ly ,  i n  common b lock l ) r~A~S4/ ,  wi th  t h e  t a b l e s  I 
beginning a t  loca t ion  N1 i n  t h e  a r r a y s  and conta in ing  NL 
d a t a  po in t s .  An op t ion  is a l s o  pro-rided t o  mul t ip ly  t h e  
t a b l u a t e d  c ros s  s e c t i o n s  by an  - i ib i r ra ry  cons tan t  f a c t o r  A 
i n  t h e  computations, 
3.52 Subroutine Q 1 1  
Subroutine 011 m u l t i p l i e s  t h e  prev ious ly  computed c ros s  
s e c t i o n s  f o r  a series o f  spec i e s  p a i r s  by t h e  temperature 
dependent f a c t o r  f (T )  given by equat ion I ( 1 0 8 ) .  The sub- 
r o u t i n e  computes t h e  va lue  o f  t h i s  f a c t o r  a t  t h e  s p e c i f i e d  
temperature T from t h e  input  d a t a  f o r  t h e  subrout ine  and 
then  c a l l s  subrout ine  414 with  t h e  app rop r i a t e  inputs  t o  
c a r r y  ou t  t h e  a c t u a l  m u l t i p l i c a t i o n  o f  t h e  c r o s s  s e c t i o n s  
by t h i s  f a c t o r .  
3.53 sub rou t ine  Q12 
Subroutine 412 cam u t e s  t h e  c ros s  s e c t i o n s  fi , P fi (2.2),  and B * n  ( l t l  f o r  a spec i e s  p a i r  from t h e  
genera l ized  mixing r u l e  given by equat ion I ( 1 0 9 ) .  A s  w i t h  
t h e  o t h e r  type  1 subrout ines  discussed above, it re tu rns  
t h e  computed c ros s  s e c t i o n s  t o  subrout ine  PUTQIN i n  t h e  
dimensioned v a r i a b l e  @M. 
Subroutine 413 computes t h e  c r o s s  s e c t i o n s  Q(Kl , I , J )  
according t o  equat ions  I (110)  and I(111) f o r  a f i x e d  value 
o f  K 1  s p e c i f i e d  i n  t h e  c r o s s  s e c t i o n  d a t a  (1 L K 1  <,3) 
and f o r  a series o f  spec i e s  p a i r s  I,J given i n  p o s i t i o n s  
LQl through LQ2 o f  t h e  IQ, JQ a r r a y s ,  The computed c r o s s  
s e c t i o n s  then  r ep l ace  t h e  previous va lues  f o r  t h e s e  c r o s s  
s e c t i o n s  i n  t h e  Q (K, I, J) a r r ay ,  
3-55 Subroutine 014 
- 
Subrout ine  Q14 computes t h e  c r o s s  sect ions  n (1, 1) , fi (202! and B* fi (1.1) f o r  a series o f  spec i e s  p a i r s  by 
mul t ip lying t h e  previously  computed values  o f  t h e s e  c r o s s  
s e c t i o n s  by a cons tan t  f a c t o r ,  as ind ica t ed  i n  equat ion 
T(112). The computed c ros s  s e c t i o n s  then  r ep l ace  t h e  previous 
values  f o r  t h e s e  c r o s s  s e c t i o n s  i n  t h e  Q ( K , I , J )  a r r ay ,  
3-56 Subrout ine  RADIUS 
This  smal l  r o u t i n e  performs geometric c a l c u l a t i o n s  t ha t .  
are requi red  a t  s e v e r a l  po in t s  i n  t h e  computation of  t h e  
boundary l a y e r  a t  t h e  f irst  flow po in t  i n  subrout ine  BLAYER. 
The inpu t s  t o  RADIUS a r e  t h e  type  o f  nozzle geometry ITYPE, 
t h e  a x i a l  coord ina te  X ,  and t h e  p r o f i l e  index L. The q u a n t i t i e s  
computed and re turned  t o  BLAYER a r e  t h e  p r o f i l e  o r d i n a t e  R, 
t h e  geometric a r ea  ra t ic  AG, and t h e  f a c t o r  AGJ,  which i s  
propor t iona l  t o  r2 j  i n  equat ion I (171)  , 
For ITYPE = 1 (two-dimensional'nozzle), R is obtained by 
c a l l i n g  t h e  e n t r y  GMAR of subrout ine  GE~MAR. Then AG = H/RO 
where RO is t h e  half-width of  t h e  t h r o a t  gap, .and A G J  = 1 
s i n c e  j = 0. 
For ITYPE = 2 (axisymmetric nozz l e ) ,  R is  aga in  ob ta ined  
by c a l l i n g  GMAR, AG = ( R / R O ) ~ ,  where RO here  is t h e  t h r o a t  
r ad ius ,  and AGJ = AG s i n c e  j = 1. 
For  ITYPE = 3 ( r ec t angu la r  channe l ) ,  t h e  o r d i n a t e s  
Y Z ( l ) ,  YZ'2) of  t h e  two p r o f i l e s  a r e  obta ined by c a l l i n g  
t h e  e n t r y  GMAR2 o f  subrout ine  G E ~ ~ M A R ,  AG = YZ(1 )  - Y Z ( ~ ) /  
YOZO where YOZO is  t h e  product of t h e  p r o f i l e  o r d i n a t e s  a t  
t h e  t h r o a t ,  R = YZ(L), and A G J  = LYZ(M)  12, where M = 2 i f  
L = 1 a n d M  = 1 i f L  = 2, 
3.57 Subroutine READ 
READ is t h e  input rou t ine  f o r  NATA, It reads  t h e  input  
da t a ,  sets up t h e  geometric d e s c r i p t i o n  and gas model foY 
t h e  problem, and i n i t i a l i z e s  most o f  t h e  c o n t r o l  parameters. 
3.57.1 '1nput Operations 
-. The subrout ine  begins by reading t h e  input  d a t a  f o r  
t h e  c u r r e n t  case ,  The rou t ine  conta ins  f o u r  READ s ta temects ,  
o f  which t h e  f i r s t  two a r e  always executed, The f i r s t  o f  
t h e s e  s ta tements  reads  a comment ca rd  i n t o  t h e  a r r a y  A C ~ ~ M .  
This  information is subsequently w r i t t e n  ou t  as p a r t  of  a 
heading f o r  t h e  output  f o r  t h e  case,  The second READ s t a t e -  
ment reads  d a t a  f o r  t h e  v a r i a b l e s  included i n  namel is t  
INPUT, This is  t h e  main input  opera t ion  f o r  t h e  code. 
N a m e l i s t  INPUT conta ins  a l l  of  t h e  i npu t s  t o  NATA except 
t hose  requi red  f o r  de f in ing  chemical elements,  spec i e s ,  and 
r e a c t i o n s  ( r ead  under namel is t  EINPUT), and those  requi red  
f o r  c a l c u l a t i n g  t h e  t r a n s p o r t  c r o s s  s e c t i o n s  o f  spec ies  
( read  u:lder namel is t  TINPUT), When t h e  code i s  run us ing  
t h e  chemical and c ros s  s e c t i o n  d a t a  compiled i n t o  the  
BLGCK DATA rou t ines ,  a s  it is normally, t h e  s ta tements  
READ(5, EINPUT) and READ(5, TINPUT) a r e  not executed. 
A l l  o f  t h e  v a r i a b l e s  i n  INPUT a r e  p r i n t e d  ou t  a t  t h e  
head o f  che ou tpu t  f o r  t h e  case by t h e  s ta tement  WRITE 
 INPUT). I f  EINPUT ar.3 TINPUT a r e  read,  t h e i r  v a r i a b l e s  
are a l s o  p r i n t e d  o u t  i n  namel is t  format. The reason f o r  
breaking t h e  code inpu t s  i n t o  t h e s e  t h r e e  groups is  t o  
minimize t h e  number of pages of  such ou tpu t  i n  normal usage, 
when EINPUT and TINPUT a r e  no t  used, 
3.57.2 Sonic Mass Flux c a l c u l a t i o n  
I f  ISW2B (, 0, NATA determines t h e  equi l ib r ium condi t ions  
i n  t h e  r e s e r v o i r  from d a t a  on t h e  r e s e r v o i r  p ressure  o r  
s t agna t ion  enthalpy and t h e  t o t a l  mass flow. I n  t h e s e  cases ,  
t h e  son ic  mass f l u x  SMASS is r equ i r ed  i n  t h e  c a l c u l a t i o n s  
t o  determine t h e  r e s e r v o i r  temperature. This  q u a n t i t y  is 
cornpt? .ed i n  READ from t h e  t o t a l  mass flow fi (denoted by 
n f 8 W )  and t h e  geometric dimensions o f  t h e  t h r o a t .  The 
coding t r e a t s  t h r e e  cases:  
(1) Two-dimensional nozzle  
H e r e  $l and FL@W denote t h e  mass f low pe r  u n i t  
l eng th  of t h e  t h r o a t  gap. Hence 
h SMASS = - (131) 
D 
where D is t h e  t h r o a t  gap. S ince  SMASS is r equ i r ed  
i n  gm/cm2-sec  whi le  $1 is i n  lb/ in-sec and D i n  
inches ,  a numerical conversion f a c t o r  from lb/in2- 
sec t o  gm/cm2-sec i s  i n s e r t e d  on t h e  r i g h t .  
This  f a c t o r  i s  453.5924/(2.54) = 70.3069. 
(2)  Axisymmetric nozzle  
I n  t h i s  case, fi i s  t h e  t o t a l  mass flow i n  lb/sec, 
and 
. 
4M SMASS = - 
ITD* 
(132) 
I n s e r t i o n  of  t h e  conversion f a c t o r  (70.3069) 
g ives  a numerical c o e f f i c i e n t  of  4 x 70.3069/1r = 
89.5173. 
(3) Rectangular  channel 
The s o n i c  mass f l u x  he re  is 
SMASS = fi 
D2 
where Dl and D2 are t h e  t h r o a t  gaps o f  t h e  channe l ' s  
two p r o f i l e s .  x 
3.57.3 Automatic A i r  Model S e l e c t i o n  
I f  t h e  input  AAMS (acronym f o r  "automatic a i r  model 4 
s e l e c t i o n " )  is .TRUE, and I G A S  i s  e i t h e r  1 o r  2 ,  subrout ine  
READ resets IGAS t o  e i t h e r  1 o r  2 on the b a s i s  of an enthaluy 
o r  temperature c r i t e r i o n .  IGAS = 1 gives  t h e  l a r g e  a i r  
model, including f i v e  i on  spec i e s ,  which i s  requi red  i n  cases  
with  high r e s e r v o i r  temperatures.  IGAS = 2 g ives  t h e  smal l  
a i r  model which inc ludes  only a  s i n g l e  ion  (NO') and which 
can be used a t , l o w e r  temperatures.  I f  t h e  r e s e r v o i r  temperature 
is  read i n  (ISW2B > 0 ) ,  t h e  a i r  model is s e l e c t e d  t o  be 
IGAS = 1 o r  2  according a s  t h e  r e s e r v o i r  temperature CTAPI 
i s  g r e a t e r  t han  o r  less than 6 0 0 0 ~ ~ .  On t h e  o t h e r  hand, 
i f  t h e  r e s e r v o i r  temperature is  t o  be determined from mass 
flow da t a  (ISW2B 5 0 ) ,  then  i t s  va lue  is  not  y e t  known a t  
t h e  t i m e  when READ is  executed. I n  t h i s  case ,  t h e  a i r  model 
s e l e c t i o n  is based on a s t agna t ion  enthalpy c r i t e r i o n  of 
8000 ~ t u / l b .  For ISW2B < 0, t h e  s t agna t ion  enthalpy is an 
input .  For ISW2B = 0, t h e  i npu t s  a r e  s t agna t ion  pressure  and 
mass flow; i n  t h i s  case ,  t h e  s t agna t ion  enthalpy i s  es t imated 
from t h e  Winovich c o r r e l a t i o n  ( r e f .  14 ) .  The Winovich 
e s t ima te  of  t h e  s t agna t ion  en tha lpy  is  computed from t h e  
formula 
where p denotes t h e  r e s e r v o i r  p ressure  i n  atmospheres 
and m* ?he son ic  mass f l u x  i n  g/crn2 sec .  The numerical . 
f a c t o r  on t h e  r i g h t  i n  (134) d i f f e r s  from t h e  c o e f f i c i e n t  
(280) i n  ~ i n o v i c h ' s  equat ion because it includes  a  f a c t o r  
2 conver t ing m, from g/crn2-sec t o  l b / f t  -sec. 
3.57.4 I n i t i a l i z a t i o n s  Based on Inputs  
With few except ions ,  t h e  i npu t  v a r i a b l e s  of  NATA a r e  
no t  a l t e r e d  by execut ion of t h e  program. Also, t h e  Namelist 
input  system resets only those  v a r i a b l e s  which a r e  a c t u a l l y  
referenced i n  t h e  input  ca rds  f o r  a given case.  Thus, when 
s e v e r a l  cases  a r c  run i n  a  s i n g l e  job, t h e  input  ca rds  
f o r  t h e  second and subsequent cases  need conta in  d a t a  only 
f o r  t h e  v a r i a b l e s  which t h e  u s e r  wishes t o  change, e.g., 
t h e  pressure ,  mass flow, nozzle  index, e t c .  
The input-determined v a r i a b l e s  which a r e  not  a l t e r e d  
by program execut ion a r e  included d i r e c t l y  i n  t h e  namel i s t s  
INPUT, EINPUT, and TINPUT. However, some input-determined 
va r i ab l e s  a r e  a l t e r e d  by t h e  program. I n  such cases ,  t h e  
v a r i a b l e  which is a l t e r e d  and i t s  corresponding input  a r e  
given d i f f e r e n t  names and thus  a r e  s t o r e d  i n  s e p a r a t e  
l o c a t i o n s .  The i n p u t  name is  t h e  i n t e r n a l  v a r i a b l e  name 
( o r  a  c o n t r a c t i o n  t h e r e o f )  w i t h  t h e  l e t t e r  I added a t  t h e  
end. A t  t h e  cost o f  some i n c r e a s e  i n  s t o r a g e  requ i rements ,  
t h i s  arrangement p r o t e c t s  t h e  i n p u t  v a r i a b l e s  a g a i n s t  a l t e r a t i o n  
d u r i n g  execu t ion .  
3.57.5 L i s t  o f  T e s t  S e c t i o n s  
The d a t a  i n  t h e  i n p u t  a r r a y  TSDIAM s p e c i f y  p o i n t s  i n  
t h e  f low a t  which s p e c i a l  c a l c u l a t i o n s  a r e  t o  be done. I n  
t h e  c a s e  o f  a two-dimensional o r  axisymmetric  nozz le ,  t h e  
e n t r i e s  i n  TSDIAM a r e  n o z z l e  d iamete r s  a t  which model-condition ,. 
c a l c u l a t i o n s  a r e  t o  be perfcrmed. For a  channel ,  t h e  TSDIAM 
e n t r i e s  a r e  s p e c i f i e d  channel  wid ths  a t  which f ree- -s t ream 
flow and boundary l a y a r  c a l c u l a t i o n s  a r e  + o  be  performed. 
S u b r o u t i n e  READ u s e s  t h e  d a t a  i n  t h e  TSDIAM a r r a y  t o  
set up a n o t h e r  a r r a y ,  TSAR, whose v a l u e s  are a c t u a l l y  used 
by t h e  procjram t o  select t h e  p o i n t s  a t  which t h e  s p e c i a l  
c a l c u l a t i o n s  a r e  done. For  a  nozz le ,  t h e  TSAR e n t r i e s  a r e  
geometr ic  a r e a  r a t i o  va lues .  For  a channel ,  t h e  TSAR a r e  
wid ths  i n  c e n t i m e t e r s .  I n  g e n e r a t i n g  t h e  TSAR a r r a y ,  READ. 
rejects any TSDIAM v a l u e s  which a r e  less t h a n  o r  e q u a l  t o  
t h e  t h r o d t  d iarce ter  f o r  t h e  p r o f i l e  involved,  and determines  
t h e  number (NTS) o f  v a l i d  TSAR e n t r i e s .  A l l  t h e  e n t r i e s  o f  
TSDIAM a r e  p r e s e t  ( i n  BL@CK DATA) t o  t h e  v a l u e  1 x lo2'. 
Thus, any v a l u e s  i n  excess  of 1 x lo2' a r e  assumed n o t  t o  
have been set by t h e  u s e r  i n  i n p u t ,  and are n o t  r ega rded  
a s  v a l i d  p o i n t s .  
3.57.6 Geometric ' ~ e s c r i ~ t i o n  
A nozz le  i s  spec i ' f i ed  by one p r o f i l e  c u r v e f i t ,  a channel  
by two. For  each p r o f i l e ,  t h e  parameters  d e f i n i n g  t h e  
geometry o f  t h e  n o z z l e  o r  channel  may be e i t h e r  r e a d  i n  a s  
p a r t  o f  t h e  i n p u t  o r ,  i f  one o f  t h e  s t a n d a r d  geometr ies  
is  d e s i r e d ,  o b t a i n e d  from precoded da ta .  For  t h e  J t h  p r o f i l e  
(J = 1 o r  2 )  , i f  NPR@FL(J) is nonzero, t h e  geometr ic  d a t a  
a r e  looked up  i n  t h e  ZPRP a r r a y ,  which i s  set i n  BLgCK DATA. 
Th i s  a r r a y  occup ies  t h e  common b l o c k  /N$zZ/. I f  NPR@I'L(;) 
is z e r o ,  t h e  geomet r i c  d a t a  a r e  set on t h e  b a s i s  o f  t h e  geometr ic  
i n p u t  v a r i a b l e s  such a s  NSECTS, DIAM, andPARAM1. 
I n  e i t h e r  case ,  a f t e r  t h e  geometric model has been s e t  
up, subrout ine  READ p r i n t s  o u t  a suDmary d e s c r i p t i o n  o f  it, 
unless  t h e  s tandard  geometry s p e c i f i e d  i s  t h e  same a s  i n  
t h e  preceding case  i n  t h e  job, 
3.57-7 Extra  Chemical Elements 
I f  a d d i t i o n a l  chemical elements have been def ined  i n  
t h e  EINPUT inpu t ,  t h e  d a t a  f o r  them are loaded i n t o  t h e  EPRP 
a r r ay ,  which conta ins  t h e  precoded d a t a  f o r  elements, The 
number of  input-defined elements is  NEELS. For  t h e  I t h  such 
element, t h e  atomic number is obtained from EEPRP(1,I) 
and t h e  atomic weight from EEPRP(2,1). The index ass igned 
t o  t h e  element i n  t h e  master  l i s t  of  elements is  IEEP(1). 
The H o l l e r i t h  atomic symbol f o r  t h e  element i s  obta ined from 
t h e  a r r a y  ASYM, which is  set i n  a da t a  s ta tement  i n  READ. 
3-57.8 Gas Model 
The elements,  spec i e s ,  and r e a c t i o n s  presen t  i n  t h e  gas  
mixture a r e  s p e c i f i e d  by t h e  group o f  v a r i a b l e s  ISC, ISS, 
ISR, I C ,  I E ( I ) ,  NSCt QPJ(I)  , JCS(I) ,  I S ( I ) ,  and I R ( I ) .  If IGAS=O, 
I t h e s e  v a r i a b l e s  a r e  ob ta ined  from t h e  input  data .  I f  IGAS is p o s i t i v e ,  they a r e  looked up i n  t h e  a r r a y  o f  precoded 
da t a ,  GPRP (I, IGAS) , which occupies common block /MIXT/. 
The physics1 def in ic iona  of  t h e  e n t r i e s  i n  t h i s  a r r a y  a r e  given 
i n  Sect ion 4.5 of Volume 11. I f  IGAS is  nega t ive ,  t h e  input  
value  i s  saved i n  t h e  l oca t ion  IGS, and IGAS is r e s e t  t o  
i t s  own abso lu t c  value. I n  t h i s  case ,  a l l  o f  t h e  above- 
. l i s t e d  var-i-ables except QPJ(1) a r e  aga in  looked up i n  GPRP, 
bu t  t h e  QPJ ( t h e  mo1.e f r a c t i o n s  o f  t h e  coLd spec ies )  a r e  
obta ined from input .  This p rov is ion  al lows inpu t  c o n t r o l  
of  t h e  o v e r a l l  e lemental  com;~osition o f  t h e  s tandard  gas 
mixtures containing more than one chemical element. 
A f t e r  t h e s e  genera l  s p e c i f i c a t i o n s  of  t h e  gas model have 
been determined, t h e  requi red  p rope r t i e s  of  t h e  chemical 
e l enen t s ,  spec i e s ,  and r e a c t i o n s  a r e  looked up, The d a t a  f o r  
 element^ a r e  obta ined from t h e  a r r a y  E P R P ( I , I E ) ,  where 
t h e  second s u b s c r i p t  is t h e  index i n  t h e  master  l i s t  o f  
elements. The spec i e s  da t a  a r e  looked up i n  t h e  a r r a y  
SPRP(I,IS),  where IS is  t h e  index i n  t h e  master  l i s t  of  
species .  The r e a c t i o n  da t a  a r e  obta ined from RPRP (I, I R )  , 
where I R  i s  t h e  index i n  t h e  master  l is t  o f  r e a c t i o n s .  
The e n t r i e s  i n  t h e s e  a r r a y s  a r e  a l l  d e f i n e d  i n  S e c t i o n  4 o f  
Volume 11. The o r d e r  o f  t h e  e lements ,  s p e c i e s ,  and r e a c t i o n s  
i n  a g a s  model 'is determined by t h e  index a r r a y s  I E ( I ) ,  
I S ( 1 )  ,. I R ( I ) ,  and may d i f f e r  from t h e  o r d e r  i n  t h e  c o r r e s -  
ponding m a s t e r  lists. 
3.57.9 Geometric Sequence o f  Model P o i n t s  
P o s i t i o n s  a t  which model c o n d i t i o n  c a l c u l a t i o n s  a r e  t o  
be done can  be determined by s p e c i f y i n g  an i n i t i a l  ;?oint 
m f 8 ~ ~ 1 ,  a f i n a l  p o i n t  FXMAXI, a r d  a  number o f  p o i n t s  NMGDPT. 
From t h e s e  d a t a ,  s - ~ b r o u t i n e  READ computes a f a c t o r  FACMP 
which i s  used  t o   enc crate a  geomet r i c  sequence o f  NMGDPT 
v a l u e s  o f  x  ex tend ing  , from X M @ D P ~  t o  MMAXI.  Th i s  f a c t o r  
i s  c a l c u l a t e d  from t h e  formula 
3.58 Subrout  i r?  RESET 
T h i s # F o r t r a n  r o u t i n e ,  used  o n l y  i n  t h e  IBM v e r s i o n  o f  
NATA, s i m u l a t e s  t h e  UNIVAC 1108 t iming  r o u t i n e s  RESET and 
TIME. The t i m e  d u t a  a r e  o b t a i n e d  by c a l l i n g  t h e  l i b r a r y  
r o u t i n e  ACUCPU, which r e t u r n s  i n  i t s  argument ICPU t h e  numberof 
millisecords o f  CPU t i m e  remaining b e f o r e  t h e  TIME parameter  
o f  t h e  job  s t e p  i.s reached.  Subrou t ine  RESET i s  c a l l e d  
by t h e  main program n e a r  t h e  beginning o f  each NATA job. 
The i n i t i a l  v a l u e  of  ICPU is s t .ored  i n  I Z E R ~ ~ .  Subsequent 
ca l l s  t o  t h e  e n t r y  TIME  the^ g i v e  t h e  !?lapsed t i m e  I 
i n  m i l l i s e c o n d s .  
3.59 Subrou t ine  RESTMP 
RESTMP perfarms t h e  i t e r a t i v e  s o l u t i o n  f o r  t h e  r e s e r v o i r  
c o n d i t i o n s  whan t h e  secon? or  t h i r d  o p t i o n  f o r  i n p u t  s p e c i -  
f i c a t i o n  o f  t h e s e  c o n d i t i o n s  i s  used. These o p t i o n s  have 
been d e s c r i b e d  i n  S e c t i o n  6.5 of  Volume I. Usage o f  these 
o p t i o n s  i s  c o n t r o l l e d  by t h e  i n d i c a t o r  ISW2B. For ISW2B = 0, 
t h e  second o p t i o n  is  u t e d ,  and f o r  ITW2Bc. 0 ,  t h e  t h i r d  
op t ion .  (For  ISW2B) 0 ,  t h e  f i r s t  o p t i o n  is used and RESTMP 
i s  no t  c a l l e d . )  
3.59.1 Second Opt f~on 
The second o p t i o n  is implemented by t h e  coding down t o  
s t a tement  90. I n  t h i s  op t i on ,  t h e  i n p u t  s p e c i f i c a t i a n  o f  
t h e  r e s e r v o i r  cond i t i ons  i s  based on t h e  r e s e r v o i r  p r e s su re ,  
pot and t h e  t o t a l  mass Plow, k. :n t h e  code, t h e  va lue  of 
po  i n  atmosphzres i s  a v a i l a b l e  i n  t h e  l o c a t i c n  PRESA i n  
2 
un l abe l l ed  cornmm, ir;~d t h e  s o n i c  inass f l u x  rn* i n  g/cm sec 
- is given by SMASS i n  common b lock  /MASSFL/. 
The b a s i c  problem i n  t n e  second op t i on  i s  t o  deterr,,ine 
t h e  r e s e r v o i r  temperature ,  To, from t h e s e  d a t i .  The code 
c a p a b i l i t i e s  a v a i l a b l e  t o  suppor t  t h i s  e f f o r t  a r e  
' 
(1) Entry INTA o f ,  subrov t  i n e  INGAS, wi~ ick  computes 
a l l  o f  t h e  cond i t i ons  i n  t h e  r e s e r v o i r  from PRESA = 
po and CTAP = To. 
( 2 )  Subrou t ine  NRMAX, which. cc. .,>utes t h e  s o n i c  mass 
f l u x  m, f o r  equ i l i b r i um flow, based on g iven  
r e s e r v o i r  cond i t ions .  
RESTMP determines To by a n  i t e r a t i o n  i n  which INTA and NRMAX 
a r e  c a l l e d ,  a t  each s t e p ,  and TO i s  r epea t ed ly  a d j u s t e d  t o  
.make t h e  c a l c ~ l a t e d  s o n i c  mass f l u x  nea r l y  equa l  t o  SMASS. 
RESTMP s t a r t s  t h e  i t e r a t i o n  w i th  a  s t anda rd  guess  TC = 
1 0 0 3 0 ~ ~ .  Subrou t ines  INTA and NRbIAX a r e  t hen  c a l l e d  
t o  compute t h e  r e s e r v o i r  c o n d i t i ~ n s  and s o n i c  mass f l u x  
based on t h e  t r i a l  va lue  of  To. The c a l l  t o  INTA m c s t  b e  
preceded by ?. c a l l  t o  sub rou t i ne  INIT t o  set  a  number c f  
s p e c i e s  p r o p e r t i e s  which a r e  nondimensionalized u s ing  t h e  
r e s e r v o i r  temperature .  . 
The s o n i c  mass f l u x  computed by NPMAX is i n  t h e  nor.- 
dimens lona  1 form 
From t h e  p e r f e c t  gas  law, 
Elimination of  pO between (136) and (137) g ives  t h e  r e l a t i o n  
which is  s a t i s f i e d  by t h e  c o r r e c t  va lue  o f  t h e  r e s e r v o i r  
temperature To. I n  (138),  HQ denotes t h e  r e s e r v o i r  molecular  
weight (CMA), Ro t h e  m i v e r s a 1  gas cons tan t  i n  mechanical 
c n i t s  (8.3 434 x lo7 erg/mole OK), pc t h e  r e s e r v o i r  pressur-:  1 i n  dyne/cm , S H ( T ~ )  t h e  nondinlensional s o n i c  mass f l u x  
corn;?uted by NRMAX, ar,d m, the  s o n i c  mass f l u x  (SMASS, g /  
2 cm sec) based 9n t h e  input  t o t a l  m a s s  flow a. E q u a t i ~ n  (138) 
n ~ y  be rewr i t t en  
where t h e  parameter C (denoted by 'w'Ms'~ ir. t he  program) 
is a constant  of t h e  i t e r a t i o n :  
The second es t imate  of  T3 is  obtained using equat ion (139), 
with  Wo and S M  values based on t h e  f i r s t  t r i a l  value. The 
quan t i t y  SM is found t o  vary only weakly wi th  Ta, whi le  t h e  
molecular weight is monotonically decreasing func t ion  of  To 
a t  cons tan t  preszure. Thus, t h e  e r r o r  i n  t h e  second e s t ima te  
of To is o p r o s i t e  i~ s i g n  t o  t h a t  of t h e  f i r s t  estimate; 
t h e  two values  bracke t  t h e  c o r r e c t  so lu t ion .  P.?cordingly, 
a f t e r  I N I T ,  IKTA, and NRMAX have been call( : : - ,  -..he t h i r d  
es t imat2 o f  To i s  obtained by a l i n e a r  i n t e r p o l a t i o n  technique. 
The funct ion F(TO) is approximated a s  a l i n e a r  func t ion  between 
To = Tl and To = T2 ( t h e  f i r s t  two e s t i m a t e s ) .  Then 
Elimination a f  F betwez?. {119) and (141) g ives  
for t h e  t h i r d  es t imate .  
Beginning wi th  t h e  fou r th  estimate, t h e  dependence 
o f  F(TO) upon To F s  approximattd by a q u a d r a t i c  f u r c t i o n  
based upon t h e  d a t a  from t h e  t h r e e  most r ecen t  i t e r a t i o n s :  
S u b s t i t u t i o n  o f  t h e  data'  from t h e  t h r e e  po in t s  g ives  a system 
o f  l i n e a r  equat ions  f o r  Dl# D2,  D3. This  system can be 
w r i t t e n  i n  mztrix form 
where 
A = 
This  system of  equat ions  is  solved us ing  subrout ine  S I M Q ,  
which places  t h e  s o l u t i o n  vec to r  D i n t o  t h e  l oca t ions  
o r i g i n a l l y  occupied bl- t h s  vec to r  o f  cons tan ts  B. Then 
e l imina t ion  of  F between (139) and (143) g ives  
The solut j -on of  t h i s  q u a d r a t i c  eq:dtion f o r  TO is 
The s ign  be fo re  t h e  r a d i c a l  is de te rmined  by no t ing  t h a t ,  
f o r  D d o ,  t h e  s o l u t i o n  , u s t  approach 3 
Thus, t h e  s i g n  represented by +mus t  be oppos i te  t o  t h a t  o f  
-(D2 - l&),i.e., t h e  same a s  t h a t  o f  (D2 - 1/~) .  
I n  t h e  progran,. the ' t empera ture  values  T ~ ,  T2, ij 
are s t o r e d  i n  t h e  a r r a y  CTSAVE and t h e  parameter values  
Fl,F2,F3 i n  the a r r a y  F. I f  SIMQ r e t u r n s  an e r r o r  i n d i c a t o r  
KS # 0, which w i l l  occur i f  t h e  matr ix  (145a) is  s i n g u l a r ,  
RESTMP r e v e r t s  t o  t h e  l i n e a r  i n t e r p o l a t i o n  technique,  
The convergence c r i t e r i o n  f o r  t h e  i t e r a t i o n  is t h a t  t h e  
r e l a t i v e  change i n  To between two success ive  i t e r a t i v e  s t e p s  
be smal le r  t han  o r  equa l  t o  lr4. 
3.59.2 Third Opticn 
The coding of  t h e  t h i r d  o?tion begins  wi th  s ta tement  90 
of RESTMP and cont inues  t o  t h e  end o f  t h e  subrout ine .  
I n  t h i s  op t ion ,  t h e  r e s e r v o i r  condi t ions  a r e  s p e c i f i e d  by 
input  o f  t h e  t o t a l  mass flow and t h e  s t agna t ion  enthalpy 
ho. The l a t t e r  q u a n t i t y  is given,  i n  c a l o r i e s  per  gram. by 
t h e  v a r i a b l e  HS i n  common /RDMAIN/. The t h i r d  op t ion  r e q u i r e s  
a double i t e r a t i o n  t o  determine both t h e  r e s e r v o i r  tempera- 
t u r e  To and t h e  r e s e r v o i r  p ressure  p  from t h e  a v a i l a b l e  0  da ta .  
To s t a r t  t h e  i t e r l t i o n ,  an i n i t i a l  e s t ima te  of t h e  
r e s e r v o i r  p ressure  is  obtained from an approximate s o n i c  
f low a n a l y s i s  f o r  a p e r f e c t  gas ,  For a  gas  with cons tan t  
s p e c i f i c  hea t s ,  
These r e l a t i o n s  a r e  d e r i v e d ,  f o r  example, i n  Liepmann and 
Roshko ( r e f .  15, pp. 51-54). Combination o f  e q u a t i o n s  
(149) and (137) g i v e s  
I n  RESTMP, a n  i n i t i a l  estimate o f  p is o b t a i n e d  from equa t ion  
(150) u s i n g  a s t a n d a r d  e s t i m a t e  o f  ?he s p e c i f i c  h e a t  r a t i o ,  
9' = 4/3. T h i s  v a l u e  g i v e s  
i n  which a l l  q u a n t i t i e s  a r e  assumed t o  be expressed  i n  
a b s o l u t e  cgs u n i t s .  With p0 i n  atmospheres and i n  cal/ 
grn, t h i s  r e l a t i o n  becomes 
po (atm) = 4.8 x m, 4-
which i s  t h e  form used  i n  RESTMP. 
The i t e r a t i o n  scheme used t o  s o l v e  f o r  t h e  r e s e r v o i r  
t emnera tu re  and p r e s s u r e  is i l l u s t r a t e d  s c h e m a t i c a l l y  i n  
f i g u r e  25. The s t a r t i n g  p o i n t  f o r  t h e  i t e r a t i o n  ( l a b e l l e d  
"1")  lies a t  t h e  p r e s s u r e  (152) and a n  i n i t i a l  e s t i m a t e  o f  
t empera tu re ,  1 0 , 0 0 0 ~ ~ .  I n  t h e  f i r s t  s t a g e  o f  t h e  doub le  
i t e ~ a t i o n ,  t h e  t empera tu re  is v a r i e d  a t  c o n s t a n t  p r e s s u r e  
t o  make t h e  r e s e r v o i r  e n t h a l p y  e q u a l  t o  t h e  i n p u t  v a l u e  
HS (denotcd  by hs i n  t h e  f i g u r e ) .  The coding o f  t h i s  s t a g e  
runs  from s t a t e m e n t  110 down t o  ( b u t  n o t  i n c l u d i n g )  130. 
A t  each s t e p  o f  t h i s  i t e r a t i o n  on tempera ture ,  INIT and INTA 
a r e  c a l l e d ,  and t h e  r e s e r v o i r  en tha lpy  i s  computed from CIIA 
u s i n g  e q u a t i o n  I ( 2 4 1 ) .  I n  t h e  f i r s t  s t e p ,  t h e  t empera tu re  
Figure 25. Iteration Scheme of  Third Option f o r  
Specifying Reservoir Conditions 
e s t i m a t e  i s  improved by assuming t h a t  t h e  e n t h a l p y  is 
approximately p r o p o r t i o n a l  t o  t h e  tempera ture :  
where T1 is t h e  i n i t i a l  e s t i m a t e  of  To and hl is t h e  s p e c i f i c  
en tha lpy  corresponding t o  TI. I n  subsequent  s t e p s ,  t h e  
r e l a t i o n  between T and H is approximated by a l i n e a r  r e l a t i o n  
which does n o t  n e c e s s a r i l y  pass  through t h e  o r i g i n :  
T h i s  i t e r a t i o n  on t empera tu re  is  con t inued  u n t i l  t h e  c a l c u l a t e d  
en'halpy is  e q u a l  t o  t h e  d e s i r e d  v a l u e  t o  w i t h i n  1 p a r t  i n  3 10 . The r e s u l t  o f  t h i s  s t a g e  is  t h e  p o i n t  "2" i n  f i g u r e  25. 
I n  t h e  second s t a g e ,  t h e  r e s e r v o i r  p r e s s u r e  i s  v a r i e d  
a t  c o n s t a n t  reservoir tempera tu re  t o  make t h ~  s o n i c  mass 
f l u x  e w a l  t o  i t s  d e s i r e d  v a l u e ,  SMASS. T h i s  s t a g e  i s  
implemented by t h e  coding from s t a t e m e n t  130 down t o  ( b u t  
n o t  inc lud ing)  150. I n  each  c y c l e  o f  t h i s  s t a g e  o f  t h e  
i t e r a t i o n ,  s u b r o u t i n e  NRMAY is  c a l l e d  t o  compute t h e  non- 
dimensional  s o n i c  mass f l u x ,  SM. The s o n i c  mass f l u x  m* 
2 i n  g/cm sec is c a l c u l a t e d  from tfiis v a l u e  u s i n g  e q u a t i o n  (136).  
The estimate o f  the r e s e r v o i r  p r e s s u r e  is  t h e n  improved on 
t h e  assumption t h a t  m* is  d i r e c t l y  p r o p o r t i o n a l  t o  po. 
and s u b r o u t i n e  INTA is c a l l e d  t o  de te rmine  t h e  r e s e r v o i r  
c o n d i t i o n s  based on t h e  new p value .  T h i s  s t a g e  is con t inued  0 
u n t i l  the  c a l c u l a t e d  s o n i c  mass f l u x  a g r e e s  w i t h  t h e  d e s i r e d  
v a l u e  t o  w i t h i n  1 p a r t  i n  l o 5 -  The r e s u l t i n g  p o i n t  is "3" 
i n  f i g u r e  25. 
The complete i t e r a t i o n  c o n s i s t s  o f  a l t e r n a t e  tempera ture-  
a d j u s t i n g  and p r e s s u r e - a d j u s t i n g  s t a g e s ,  and produces a series 
of p o i n t s  " 4 " ,  " S " ,  "6", etc., which s p i r a l  i n  towards t h e  
d e s i r e d  s o l . ~ t i o n  p o i n t  i n  T - po space  ( f i g u r e  25) .  A f t e r  
each p a i r  o f  s t a g e s  ( 2 . 3 ) .  94 .5) .  etc., tests on t empera tu re  
and p r e s s u r e  a r e  appLied t o  a s s e s s  t h e  convergence o f  t h e  
e n t i r e  procedure. The criteria f o r  convergence a r 2  t h a t  t h e  
r e l a t i v e  change i n  To and po d u r i n g  a s t a g e - p a i r  b e  less t h a n  
-2 
o r  e q u a l  t o  1d . 
I f  t h e  i n p u t  c o n t r o l  parameter  ISW A i s  nonzero, a 
dump is w r i t t e n  i n  each  c y c l e  o f  t h i s  i t e r a t i o n  t o  a l l o w  
t r a c i n g  o f  t h e  s u b r o u t i n e ' s  o p e r a t i o n .  
3.60 Subrou t ine  RNKT 
RNKT is t h e  r o u t i n e  t h a t  mmputes t h e  changes i n  t h e  
dependent f low v a r i a b l e s  over  a n  i n t e g r a t i o n  s t e p  u s i n g  t h e  
Treanor-Runge-Kutta scheme e x p l a i n e d  i n  S e c t i o n  7.5.1 o f  
Volume I. F i g u r e  26 i s  a f lowchar t  o f  RNKT. 
I n  t h e  i n i t i a l i z a t i o n s ,  IFAIL is a n  i n d i c a t o r  f o r  t h e  
cause  o f  s t e p  f a i l u r e ,  used  i n  d i a g n o s t i c  o u t p u t  which is 
produced when ISW5B is set t o  a  n e g a t i v e  v a l u e  i n  t h e  i n p u t  
( s e e  g l o s s a r y  o f  F o r t r a n  symbols f o r  cormoc b lock  /TNERK/ 
i n  S e c t i o n  4) TE is a l o g i c a l  i n d i c a t o r .  A .TRUE. v a l u e  
means t h a t  a  ~ h e m i c a l  nonequilbrii im model is i n  use.  I f  
TE = .FALSE., an  e l e c t r o n i c  e q c i l i b r i u m  model i s  be ing  used. 
LIM deno tes  t h e  number o f  dependent v a r i a b l e s  inc luded  i n  
t h e  numer ica l  i n t e g r a t i o n .  For  a  chemical  nonequiliibrium 
model, LIM = n + 1 and t h e  v a r i a b l e s  are f o r  j = 1 j t o  n and CT = T / T ~ .  Foc a n  e l e c t r o n i c  nonequi': z i u m  model; 
LIM = n + 3 and t h e  v a r i a b l e s  a r e  "u CT, CTE T ~ / T ~ ~  j 
and CHA = ho wO/ROTO. The energy t r a n s f e r  t o  Lile e l e c t r o n  
g a s  (QDPE) a t  t h e  s tar t  o f  t h e  i n t e g r a t i o n  s t e p  is denoted  
by QDPEB. FLnally,  DQMRK is t h e  maximum a l l o w a b ; ~  change 
i n  QDPE from QDPEB dur ing  t h e  i n t e g r a t i o n  s t e p .  
For  ISWSB d i f f e r e n t  from z z r o ,  d i 2 ~ ~ i c : s t i c  dumps a r e  
produced a t  f i v e  l o c a t i o n s  i n  RNKT., The coding used  t o  
g e n e r a t e  t h e s e  dumps is  o m i t t e d  from t h e  f lowchar t ,  a s  it 
is n o t  e s s e n t i a l  t o  t h e  f u n c t i o n  o f  t h e  subrou t ine .  
The computat ions i n  RNKT c l o s e l y  f o l l o w  t h e  a n a l y s i s  
g iven  i n  S e c t i o n  7.5.1 o f  Volume I. The v a l u e s  y l ,  y 2 ,  
y3, yq a r e  r e p r e s e n t e d  by a r r a y s  G J 1  (J) , GJ2 (J) , GJ3 (J) , 
G J 4 ( J ) ,  where J r u n s  from 1 t o  LIM. Thus, t h e s e  a r r a y s  
c o n t a i n  n o t  on ly  t h c  s p e c i e s  c o n c e n t r a t i o n s  b u t  a l s o  t h e  
o t h e r  dependent v a r i a b l e s ,  CT, etc,  The d x i v a t i v e s  fl, 
f 2 ,  f 3  a r e  r e p r e s e n t e d  by a r r a y s  F l ( J )  , F2 (J) , F3 (J) . The 
parameter  (-P Ax) i n  I ( 3 9 0 )  i s  r e p r e s e n t e d  by a n  a r r a y  
P(J). Ths q u a n t i t i e s  F1, F2, F3 d e f i n e d  by e q u a t i o n s  i ( 3 9 8 )  
are r e p r e s e n t e d  by X 1  I S )  , X2 (J) , X 3  ( J )  . 

Following t h e  i n i t i a l i z a t i o n s ,  RNKT loads  d a t a  i n t o  
t h e  F1, G J 1 ,  and GJ2 a r ra l - s .  I f  any o f  t h e  GJ2 v a l u e s  i s  
n e g a t i v e ,  FAILED is set t o  .TRUE. and t h e  RETURN is 
executed.  I f  n o t ,  CX is set e q u a l  t o  M B  + HDELX, where 
HDELX is one-half o f  t h e  s t e p  s i z e  DELTAX. Then DERIVS i s  
c a l l e d  t o  compute t h e  d e r i v a t i v e s  F 2 ( J ) ,  and t h e  253 
a r r a y  is  set, The s i g n s  o f  a l l  t h e  GJ3(J)  v a l u e s  a r e  
t e s t e d .  I n  addition, i f  TE is ,FALSE., t h e  new v a l u e  o f  
t h e  energy t r a n s f e r  QDPE t o  t h z  e l e c t r o n  g a s ,  produced by 
t h e  c a l l  t o  DERIVS, i s  t e s t e d  t; determine  whether  
IQDPEQDPEE~ is less t h a n  o r  e q u a l  t o  DQMRK, I f  n o t ,  t h e  
e r r o r  r e t u r n  is  executed  u n l e s s  DQlYAX = 0 (which means t h a t  
t h e  c u r r e n t  s t e p  is  t h e  f i r s t  s t e p  i n  t h e  numer ica l  
i n t e g r a t i o n )  . 
I f  t h e  s o l u t i o n  t h u s  f a r  passes  t h e s e  v a l i d i t y  checks,  
DERIVS is c a l l e d  a g a i n  t o  de te rmine  t h e  d e r i v a t i v e s  F3!J). 
Next, t h e  parameters  P ( J )  a r e  c a l c u l a t e d ,  The b a s i c  
formula f o r  P(J) is I ( 4 0 2 ) .  I n  t h e  F o r t r a r  n o t a t i o n ,  w i t h  
P(J) -  - P A x  i n  I ( 4 0 2 )  , t h i s  e q u a t i o n  becomes 
However, under  c e r t a i n .  c o n d i t i o n s ,  P (J) is  s e t  tc z e r o ,  
A s  exp la ined  i n  S e c t i o n  7.5.1 o f  Volume I ,  t h i s  i s  done i f  
(f2-fl)  / f l  = ~4 (J)  /FL ( J )  has  a  magnitude s m a l l e r  t h a n  
t o  avo id  e x c e s s i v e  l o s s  o f  accuracy on s u b t r a c t i o n s ,  
P ( J )  is a l s o  set  t o  z e r o  i f  F l ( J )  = 0 ,  t o  a v o i d  a d i v i d e  
check e r r o r  i n  t h e  t es t  j u s t  d e s c r i b e d ,  o r  i f  t h e  e v a l u a t i o n  
o f  (155) would l e a d  t o  a  f l o a t i n g  p o i n t  over f low on t h e  
i n d i c a t e d  d i v i s i o n .  F o r . P ( J )  _>_ 9,  t h e  changes o f  t h e  
dependent v a r i a b l e s  a r e  computed us ing  t h e  Runge-Kutta 
formula I (392) i n  ? l a c e  o f  T r e a n o r ' s  formula I ( 4 0 1 ) .  
Once t h e  P ( J )  have been determined,  RNKT proceeds t o  
compute X l ( J ) ,  X ~ ( J ) ,  and X 3 ( J ) .  I f  P ( J )  ( -1.25, t h e s e  
q u a n t i t i e s  a r e  c a l c u l a t e d  from e q u a t i o n s  I ( 3 9 8 ) .  S i n c e  t h e  
F o r t r a n  P ( J )  eo r respords  +o (-P A X )  i n  e q u a t i o n s  1 ( 3 9 8 ) ,  
t h e s e  formulas can be  r e w ~ i t t e r  i n  t h e  form 
- X l ( J )  - 1 F2 I" X2 (J) - 
p (J) 
which is  used i n  RNKT. I f  P ( J )  > -1.25 ( b u t  n e g a t i v e ) ,  
t h e  s u b t r a c t i o n s  i n  (156) c o u l d  cause  e x c e s s i v e  loss of 
accuracy.  I n  t h i s  c a s e ,  F1, F2, and F3 a r e  e v a l u a t e d  f r c . ~  
the power-series  expans ion 
which can  e a s i l y  be d e r i v e d  by s u b s t i t u t i n g  t h e  Waclaurin 
expansion f c r  ex i n t o  (156).  I n  RNKT, t h e  sums (157) f o r  
F1, F2, $3 a r e  accumulated i n  t h e  l o c a t i o n s  S1, S2, S3. 
The g e n e r a l  t e r m s  i n  t h e  t h r e e  expansions  are denoted  by 
TI, T2, and T3, r e s p e c t i v e l y .  These terms a r e  i n i t i a l i z e d  
t o  t h e i r  v a l u e s  f o r  k = 0,  namely T 1  = 1, T2 = 1/2, T3 = 
1/6. Then t h e  s u c c e s s i v e  t e r m s  i n  t h e  series are genera ted  
r e c u r s i v e l y :  
*ther: (T.,)~ deno tes  the kth term i n  t h e  expansion f o r  Fn. 
I n  F.!, :r, t h e  denominator (n+k) i n  (158) is r e p r e s e n t e z  by 
(n+Z-3), where Z is i n i t i a l i z e d  t o  3 f o r  k = 0 and i s  
incrernented by 1 each t i m e  a round t h e  i t e r a t i v e  loop. The 
e v a l u a t i o n  of (157) proceeds  u n t i l  t h e  a d d i t i o n  o f  T3 t o  
S3 no l o n g e r  affects t h e  v a l u e  o f  S3 t o  w i t h i n  f l o a t i n g -  
p o i n t  accuracy.  
Next, t h e  GJ4 (J) a r r a y  is set. For  each J, i f  P ( J )  i s  
n e g a t i v e ,  GJ4 (J) i s  computed from e q u a t i o n  I ( 4 0 5 )  . For  
z e r o  or p o s i t i v e  P (J) , G 3 4  (J) is c a l c u l a t e d  from e q u a t i o n  
I ( 3 9 4 c ) .  A f t e r  t h e  u s u a l  v a l i d i t y  checks ,  t h e  f low 
v a r i a b l e s  G J ( J ) ,  CT, etc., a r e  set  t o  t h e i r  corresponding 
va lues  i n  G J 4 ( J ) ,  CX i s  set t o  CXB + DELTAX, and a f i n a l  
c a l l  t o  DERIVS is  executed.  The r e s u l t i n g  v a l u e s  f o r  t h e  
d e r i v a t i v e s  o f  t h e  f low v a r i a b l e  a r e  loaded i n t o  F 4 ( J ) ,  
and t h e  a r r a y  SDQ(J) o f  changes i n  t h e  dependent  v a r i a b l e s  
over  t h e  whole i n t e g r a t i o n  s t e p  i s  computed. For  each J, 
if P(J)  _) 0 ,  t h e  Runge-Kutta formula I ( 3 9 2 )  i s  used t o  
c a l c u l a t e  SDQ (J) . If P ( J )  4 0,  t h e n  Treanor  ' s  formula 
I ( 4 0 1 )  is used. F i n a l l y ,  t h e  r e s ~ l t s  are t r a n s f e r r e d  from 
t h e  SDQ(J) a r r a y  i n t o  t h e  s t o r a g e  l o c a t i o n s  SDGJ(J),  SDT, 
etc., used  by o t h e r  p a r t s  crf t h e  program. 
3.61 Subrou t ine  S H ~ C K  
Subrou t ine  SH@CK* computes t h e  o b l i q u e  shock a n g l e  and 
t h e  c o n d i t i o n s  behind t h e  shock f o r  s u p e r s o n i c  f low o f  a  
p e r f e c t  g a s  o v e r  a wedge. The f i r s t  t h r e e  of t h e  arguments 
a:-? i n p u t s  t o  t r ~ e  r o u t i ~ e .  BMF deno tes  t h e  f ree - s t r eam 
Madh number M, DEL t h e  Zlow d e f l e c t i o n  a n g l e  (i.e., t h e  
a n g l e  o f  a t t a c k  o f  t h e  wedge s u r f a c e , o c ) ,  and GAM t h e  
s p e c i f i c  h e a t  r a t i o  Y .  Th- o u t p u t s  a r e  FL and IERR,  
which are d e f i n e d  i n  S e c t i o n  4.128 and by comment c a r d s  i n  
t h e  s u l . ~ l o u t i n e  l i s t i n g .  
The msthod o f  s b ~ u t i o n  i s  based I!pon t h e  r e l a t i o n  
between t h e  shock a n g l e  and t h e  d e L l e c t i o n  a n g l e  d ,  
which is g i v e n ,  f o r  example, i n  Liepmann and Roshko 
( r e f .  15, p.87). T h i s  r e l a t i o n  can b e  expressed  a s  a  c u b i c  
2 e q u a t i o n  i n  s i n  0 :  
*This s u b r o u t i n e  was programmed by  Harvey Buss, Avco Systems 
D i v i s i o n .  S ta tements  f o r  c a l c u l a t i n g  q u a n t i t i e s  not  
r e q u i r e d  i n  NATA have been converted i n t o  "comrflcnts" 
Eave s t o r a g e .  
where 
4 + b s i n  cr + c s i n 2 u  + d = 0 
b = - - -  "+' 7 s i n  2  o: 
M2 
2 ~ ~ 4 - 1  +[(7:1)2 7-1-  2 
C = M" + - -  1 s i n  Y (160b) ly2 
2 
d = -  c o s  0( 
~4 
' J  Equat ion  (159) h a s  t h r e e  r o o t s  ,or s i n -  a ,  i n  g e n e r a l ,  o f  
which t h e  lowest corresponds t o  a  d e c r e a s e  i n  en t ropy  and 
t h u s  to  a p h y s i c a l l y  impossible flow. The lower o f  t h e  t w o  
remaining r o o t s  g i v e s  t h e  d e s i r e d  weak-shock s o l u t i o n ,  
w h i l e  t h e  uppermost r o o t  g i v e s  a strong-shock s o l u t i o n  
(e.g., a  normal shock w i t h  v = r / 2  f o r  w = 0) . Subrou t ine  
S H ~ C K  f i r s t  o b t a i n s  t h e  lowest  of  t h e  t h r e e  r o o t s  by 
s o l v i n g  e q u a t i o n  (159) u s i n g  Newton's method. With 
2 u = s i n  a and 
a n  improved e s t i m a t e  u '  of  t h e  r o o t  i s  o b t a i n e d ,  a t  each 
s t e p  o f  t h e  i t e r a t i o n ,  u s i n g  t h e  formula 
The convergence c r i t e r i o n  is t h a t  u '  = u  t o  w i t h i n  1 p a r t  
i n  lo8.  I f  convergence is  no t  achieved w i t h i n  50 i t e r a t i o n s ,  
a n  e r r o r  message i s  w r i t t e n  and t h e  RETURN is executed.  
U s e  o f  a n  i n i t i a l  estimate u  = 0 e n s u r e s  convergence 
t o  t h e  lowest  r o o t .  Once t h i s  r o o t  u l  has  been o b t a i n e d ,  
t h e  d e s i r e d  weak-shock s o l u t i o n  is  o b t a i n e d  by f a c t o r i n g  
t h e  e q u a t i o n  F (u)  = 0: 
Equating t h e  c o e f f i c i e n t s  o f  corresponding p o w ~ r s  o f  u  i n  
(161a) and (163) g i v e s  
The two remaining r o o t s  o f  thz c u b i c  a r e  then  o b t a i n e d  by 
equa t ing  t h e  q u a d r a t i c  f a c t o r  i n  (163) t o  zero:  
If t h e  f low-def lec t ion  a n g l e  oc is  t o o  l a r g e ,  t h e  argument 
o f  t h e  square  r o o t  i n  (165) becomes n e g a t i v e  and e q u a t i o n  
(159) has  no p h y s i c a l l y  v a l i d  s o l u t i o n .  I n  t h i s  c a s e ,  t h e  
e r r o r  i n d i c a t o r  IERR i s  s e t  t o  0 and t h e  PETURN is  executed .  
When A*  - dB is p o s i t i v e ,  t i le  lower o f  t h e  t w o . v a l u e s  ( 1 6 5 ) ,  
u2, is e q u a l  t o  s i n 2  cr f o r  t h e  weak shock. 
A f t e r  t h e  shock a n g l e  o- has  t h u s  been determined,  
s u b r o u t i n e  S H ~ C K  c a l c u l a t e s  t h e  c o n d i t i o n s  behind t h e  shock 
us ing  p e r f e c t  gas  r e l a t i c n s  (ref. 15,  p. 86) .  The o n l y  
r e s u l t  r e q u i r e d  f o r  u s e  i n  NATA is  t h e  shock p r e s s u r e  r a t i o ,  
2 2 
a= 2 Y M  s i n  cr - ( 7  -1) - 
. p 1  7 +I 
3.G2 Subrou t ine  SIQ 
SIMQ is  a s t a n u a r d  s u b r o u t i n e  f o r  s o l v i n g  systems o f  
s imul taneaus  l i n e a r  equa t ions .  I t  was o b t a i n e d  from t h s  
I B M  S c i e n t i f i c  Subrou t ine  Package ( ~ e f .  / ) ,  and was m o d ~ f i e d  
s l i g h t l y  f o r  usa  i n  NATA. The m o d i f i c a t i o n s  c o n s i s t e d  of 
conver t ing  it i n t o  a  dou'uie p r e c l s i o r .  rov.tine and t h e  
a d d i t i o n  of  s imple  coding Lo a l l o w  SIMQ t o  handle  t h e  
s p e c i a l  c a s e  o f  one e q u a t i o n  i n  one unknown. The on ly  
a v a i l a b l e  documentation o f  SIMQ is t h a t  provided by cornme? 
c a r d s  i n  t h e  s o u r c e  program. 
Sukrou t ine  STUNTS 
T h i s  r c u t i n e  performs two s e p a r a t e  and u n r e l a t e d  
opera t iqns .  When c a l l e d  t h o u g h  t h e  p r i n c i p a l  e n t r y  
(STUNTS), :t produces t a b l e s  o f  s p e c i e s  the rmal  p r o p e r t i e s  
I a s  f u n c t i o n s  o f  t empera tu re  f o r  t h e  s p e c i e s  i n  t h e  s p e c i f i e d  . gas motel. When c a l l e d  thrdugh t h e  e n t r y  STUNT2, it 9 i v e s  
an e d i t  o f  t h e  t r a n s p o r t  p r o p e r t y  c a l c 2 l a t i o n s ,  and 
o p t i o n a l l y ,  a t a b l e  and a y n c h e d  deck c o n t a i n i n g  averaged 
. s p e c i e s  c r o s s  s e c t i o n  da ta .  
3.63.1 Thermal P roper ty  E d i t  
The the rmal  p r o p e r t y  e d i t  is proquced by t h e  D@ l o o p  
ending a t  s t a t e m e n t  110. Fop each s p e c i e s  J, t h e  
p r o p e r t i e s  a r e  computed a t  a  p r e s e t  s e r i e s  of  tempera t l l res  
TT(1) up t o  t h e  i n p u t  val71e o f  t h e  r e s e r v o i r  t empera tu re  
CTAP. These tempera turns  a r e  a s  fo l lows:  
From 1 0 0 ~ ~  t o  1 0 0 0 ~ ~  a t  intervals o f  1 0 0 ~ ~  
From 1 0 0 0 ~ ~  t o  3 0 0 0 ~ 5  a t  i n t e r v a l s  o f  2 0 0 ~ '  
From 3 0 0 0 ~ ~  t o  10000 K a t  i n t e r v a l s  o f  5 0 0 ~ ~  
From 1 0 0 0 0 ~ ~  t r i  2 0 0 0 0 ~ ~  a t  i n t e r v a l s  o f  1 0 0 0 ~ ~  
From 2 0 0 0 0 ~ ~  t !  5 0 0 0 0 ~ ~  a t  i n t e r v a l s  o f  2 0 0 0 ~ ~  
From 5 0 0 0 0 ~ ~  t o  1 2 5 0 0 0 ~ ~  a t  i n t e r v a l s  o f  ~ O P C . " K  
',?I(? maximum numb5-.r o f  temperatures is  74. (However, t h e  
tl;t.s;-nro f i t s  f o r  t h e  molecular species  in  t h e  compiled-in 
~ 3 -  models are use fu l  only up t o  about 20000°~,) 
The t~cermal p-??erties a r e  ca lcula ted  by c a l l i n g  , 
, t. \ rout ine TlERM f J each temperature. THERM is 
L.rx~granmed I-fi ca lcu la te  t h e  proper t ies  using two d i f f e r e n t  
methods, ti.2 physical  model aad t h e  thermo f i t  (Section 
2.2 of Vol. I, r e f ,  1) . The physical  model is used f o r  
temperatures more than 5 0 0 ~ ~  below t h e  switchover tempera- 
twe, Z k m . C T A P ,  The thermo f i t  is used f o r  temperatures 
more than 500U'K above the switchover temperature, I n  a 
range 1 0 0 0 ~ ~  wide centered a t  t h e  switchover temperature, 
a l i n e a r  combination of  t h e  r e s u l t s  from t h e  two methods 
is vsed, to  provide a continuous t r a n s i t i o n .  
TQ obta in  thermal proper t ies  based s o l e l y  on t h e  
physical  model, r a the r  than  on a mixture of t h e  two methods, 
subroutine STUNTS f i r s t  sets CTMXX to 1000, and c a l l s  
TKERM f o r  each temperature. With t h i s  l a rge  value of 
CTMXX. a l l  of t h e  temperatures are more than 500 '~  below 
CPMXX t i m e s  t h e  reservoi r  temperature. The r e s u l t s  of  
t h e  thermal property .calculat ions based on t h e  physical  
model a r e  s tored  ir, t h e  a r ray  TPR@P(I~,K,M) f o r  M = 1, 
I n  the  case of  a nonstandard species  f o r  which physical  
model da ta  have not been provided (ETAJ(J) = O ) ,  t h e  
elements of TPRQ~P f o r  M = 1 a r e  a l l  set t o  zero and t h e  
ca lcula t ions  based on t h e  physical  model a r e  skipped, 
For each spec ies ,  i f  thenno f i t  da ta  have been 
provided (IGJ(J) # .O) ,  CTMXX is set t o  -1000 and THEM is 
ca l l ed  again f o r  each temperature up t o  t h e  r e se rvo i r  
temperature, CTAP. with t h i s  negative value o f  CTMXX, 
a l l  of the temperatures are more thap  5 0 0 ~ ~  above CTMXX-CTAP, 
so t h a t  t h e  ca lcula t ions  i n  THERM a r e  based s o l e l y  on the 
t hemo f i t .  The r e s u l t s  are s to red  i n  TPR*(I,K,M) f o r  
M = 2. 
F ina l ly ,  a l l  of . the r e s u l t s  f o r  t h e  species  a r e  pr in ted  . . 
out. The proper t ies  computed and pr in ted  a r e  
(chemical p o t e n t i a l  i n  
no 1- 
excess of t h e  formation 
enthalpy, divided by 
ROT) 
~ p ~ g f p ( 1 . 2 , ~ )  = !ij - H O (molar enthalpy i n  j o  excess of t h e  formation 
,enthalpy, kcal/mole) 




Tp~gp(1.4.M) = Sj ( m o l a r  entropy, j 
ca l/mo l e O ~ )  
I 
Examples of t h e  thermal property e d i t  are shown i n  f igures  




3.63-2 Transport Property Edi t  2 
i 
i The t ranspor t  property e d i t  c c n s i s t s  of t h r e e  pa r t s ,  
t h e  f i r s t  two of which a r e  always obtained when STUNT2 is - i 
cal led.  These p a r t s  are (1) an e d i t  .of t h e  s t e p s  i n  t h e  I 
I 
t ranspor t  c ross  sec t ion  ca lcu la t ion  3s spec i f i ed  i n  t h e  
input o r  i n  t h e  precoded data;  ( 2 )  w. e d i t  of t h e  "edited" i 1 
cross  sec t ion  ca lcula t ions  a f t e r  unneeded s t e p s  have been f 
deleted,  and needed bu t  unspecified s t e p s  have been added 1 
on the  b a s i s  of de fau l t  options;  (3) an e d i t  of t h e  f 
averaged p a i r  c ross  sec t ions  a s  functions o f  temperature. i  
(1) Specif ied s t e p s  i n  t h e  cross-section calculat ion.  -- i  
This f i r s t  pa r t  of t h e  t r anspor t  property e d i t  is imple- 
mented by t h e  D@ loop eriding a t  statement 150, The index I 
L runs over t h e  s t eps  of t h e  cross  sec t ion  ca lcu la t ion  i n  I 
t h e  order  i n  which they a r e  t o  be performed, The sequencing i 
array  ISEQ(L) s e l e c t s  t h e  s t eps  from t h e  input o r  precoded 
data;  i , e , ,  t h e  s t e p  which is c a r r i e d  out f i r s t  is  t h e  one j i 
indexed I = ISEQ (1). e t c ,  NNQI i s  t h e  number of spec ies  
pa i r s  t o  which t h e  cross  sec t ion  ca lcula ted  i n  t h e  L~~ 
s t e p  w i l l  be applied. The indices  of t h e  spec ies  belonging 
t o  such a species  p a i r  3re IIQJ, JJQJ ( re fe r red  t o  t h e  
master l i s t  of species) .*  For each s t ep ,  STUNT2 p r i n t s  out  
L, I, t h e  index ~hQ(1) specifying t h e  type of cross sec t ion  
formula used i n  t h e  s t e p ,  t h e  parameter values W ( K , I ) ,  and 
t h e  spec ies  names f o r  t h e  f i r s t  p a i r  of spec ies  t o  which 
t h e  r e s u l t s  of t h e  s t e p  a r e  applied,  The names of species  
f o r  t h e  remaining species  p a i r s  ( i f  any; art! then p r in ted  
on successive l i n e s ,  
(2 )  Steps i n  t h e  ed i t ed  cross  sec t ion  calculation,--  
The I@ loop ending a t  statement 190 p r i n t s  out a desc r ip t ion  
of t h e  s t e p s  i n  t h e  "edi ted" cross  sec t ion .  ca lcu la t ion  which 
w i l l  a c tua l ly  be used i n  t h e  t r anspor t  property ca lcu la t ions  
for t h e  current  case. This "edited" ca lcu la t ion  d i f f e r s  
from t h e  " inpu t"  ca lcu la t ion  i n  two major ways: The 
s t eps  applying only t o  species  which a r e  absent from t h e  
current  gas model have been de le ted ,  and s t eps  which a r e  
required but  which were not  spec i f i ed  have been provided 
on t h e  b a s i s  of de fau l t  options** such a s  t h e  cross  s e c t i o n  
mixing ru le .  
The index L i n  t h e  D$8 loop ending a t  190 runs over t h e  
s t eps  i n  t h e  ed i t ed  ca lcu la t ion ,  i n  t h e  order  i n  which they 
a r e  t o  be performed, KQ(L) is t h e  index of  t h e  opt ion 
(cross  sec t ion  formula) t o  be used i n  t h e  L~~ s tep.  NV(KK) 
is t h e  number of  parameters used by t h i s  option. A l l  o f  
t h e  parameters f o r  a l l  of  t h e  s t e p s  a r e  s tored ,  without 
gaps, i n  t h e  s ingly  dimensioned a r ray  V ( 1 ) .  The parameters 
f o r  t h e  L~~ s t e p  occupy t h e  loca t ions  from I = MV1 t o  MV2 
i n  t h i s  array. 
The indices  of  t h e  spec ies  belonging t o  t h e  spec ies  
p a i r s  t o  which t h e . s t e p s  of t h e  cross  sec t ion  ca lcu la t ion  
apply a r e  s tored ,  without gaps, i n  two ar rays  IQ(LQ), 
JQ(LQ) . These indices  IQ and JQ a r e  referenced t o  t h e  
species  l i s t  f o r  the' cur rent  gas model, r a t h e r  than t o  t h e  
master list of species. The index LQ f o r  t h e  last spec ies  
p a i r  t o  which t h e  r e s u l t s  of t h e  L~~ s t e p  apply is NQ(L).  
*See Sect ion 4.2 of Volume I1 ( ref .  2 ) .  
**See Sect ion 4.6 of  Volume I1 ( r e f .  2) . 
For eaizh s tep  L, STUNP2 f i r s t  p r in ts  L, the  option 
index fCTr(L), and the  parameter list V ( 1 )  fo r  the  option, 
Then it prints  the  names, HP (I) , HP (J) . for  the first 
species pair  using a carriage-control character + i n  
column 1 t o  place these names on the  same l ine,  I f  there 
a re  any additional species pairs  t o  which the s tep  is 
applicable, t h e i r  names are printed on successive lines. 
(3) Averaged transport cross sections,--If ISWlB is 
negative, STUNT2 pr ints  a tzible giving the transport cross 
sections for  the  various species pairs  a s  functions of 
temperature, If ISWlB = -1, STUNT2 also punches t h e ~ s  ame 
data on cards fo r  use by other computer programs, Some of 
the  cross sections fo r  charged species depend upon the  
electron p a r t i a l  pressure a s  well as. t he  temperature, In . 
STUNT2, the  mole fractions SAVEC(I) used by the  transport 
property routines a re  set t o  t h e i r  values i n  the  reservoir 
(for t h e  current case), and a re  held fixed as the tempera- 
ture  is varied, The pressure is also held constant a t  its . 
reservoir value. Thus, a l l  of the  cross sections printed' 
are based upon the  electron pressure i n  the  reservoir, 
! J The calculations and output a r e  provided by the  
loop ending a t  statement 230, For each species pair  (I,J) 
with I <  J, the  temperature is varied from 1000°~ t o  the  
reservoir temperature CTAP by intervals  of 10?oO~, A t  
each temperature, subroutine T - U S P  is called.: With 
ISWlB < 0, TRANSP does not compute the  visco&ity, Prandtl 
nynber, etc., but does c a l l  lower-level transrxxt routines 
t o  set up the cross section array Q (L, I, J) , w k r e  I and J 
a re  the  species indices and L runs from 1 t o  3, These 
data a re  printed (and punched for ISWlB = -1). together 
with t h e  temperature, species indices, species .names, and 
; a counter ICARD which ser ia l izes  the punched cards, Their 
relat ion t o  the cross sections used i n  transport theory i s  
(Section 3 of Vol. I, re f ,  1) : 
THERX is the  routine -which c a ~ p u t e s  t he  species thermal 
properties: f i -0  (chemical potent ia l  a t  standard pressure),  
Hj (molar enthalpy) S O (molar entropy a t  standard 
pressure),  and Cpj imoiar heat capacity at  constant pressure). 
In  its in t e rna l  calculat ions,  NATA uses th&se propert ies  i n  
nondimensional form: t h e  quant i t i es -ac tua l ly  computed i n  
THEM are 
wte re J = j is t h e  species index in  t h e  list o f '  specf.s f o r  
t h e  current  case. I n  these formulas, Rg denotes t h e  
universal  93s constant and To the  reservoir  temperature. 
When t h e  subroutine is called through t h e  ent ry  T-1, 
only t he  heat capacity is computed, 
l2lER.M provides two methods f o r  calculat ing the  species 
. - 
thernal  properties: t he  "physical &elH and- t he  thermo 
I f i t .  These techniques have been explained and'discussed i n  ' 
. - Section 2.2 of Volume I (ref .  1) . Data f o r  the  physical , 
. .. 
model a r e  provided f o r  a l l  standard species. In  t he  s -- 
current version of NATA, thermo-fit da ta  a r e  provided only 
f o r  the  diatomicmolecules and molecular ions i n  a i r  and 
the  planetary atmosphere models. The array lGJ(3) 
indicates whether thermo f i t  da ta  are avai lable  f o r  each 
species. I f  IGJ(J) = 0, there  a r e  no thermo f i t  da ta  fo r  
t he  ~~h species: i n  t h i s  case the  physical &el is used 
for the species at a l l  temperatures, If ETAJ(J) = 0 ,  there 
are no physical-model data, and the therrzo f i t  is used a t  
a l l  temperat\- yes .  
In the case of species fur which both physical-model 
and thermo f i t  data have been provided, the physical anode1 
is used f r m  l o w  temperatures up to a nominal switchwer 
temperature, C!L%XXI, which is preset t o  5 0 0 0 ~ ~ ;  and the 
t heno  f i t  i s  used a t  higher temperatures, To prevent 
possible procpm failures due t o  discontinuities i n  am- 
puted species properties resulting from small dsmatches 
b e m e n  the physical model and them0 f i t  results, the 
switchover is spread over a temperature range 1000°K wide, .- 
centered a t  CTMXXI, EqGations I(58) are used to  m i x  the 
results from the two techniques in th is  temperature range. 
The temperature variable used by NlWA i n  its internal 
computations is CT, a nondimensional temperature. defined as .t 
T h o .  The curresponding nondimensional switchwer tempera- 
ture is CPWL = CTM?CXI/TO. For. species and temperatures for 
d c h  the thermo f i t  is used, the species properties are 
cquputed from the formulas I(33) , I(34) , I(29) , and I(31) , 
Prior t o  the first c a l l  t o  THGRM, the thermo f i t  coeffici- 
ents I'PA(J) = a, etc. ; have been nondinaensionalized i n  . 
subroutine INIT so  as^ to  allow direct use of the nondimen- 
sional temperature ff i n  the therrno fit formulas, 
* 
The physical model calculations are .done i n  two s t ~ p s .  
The f i r s t  step computes the translational, rotational, and 
vibrational contributions t o  the specAes.. properties ,, and 
the second step the contributions due t o  electronic exci- 
tation. 'Phe f i r s t  step i s  coded separately for monatomic 
and diatomic species,' on the one hand, and for "%inear trig 
atomic species. on the other. I n  the case of monatomic 
and diatomic species, a e  calculations are done using equa- 
tions I (SO) ,I (51), 1(54), I(56) , and I(29) , For linear tri- f j 
.atomic species, equations I(52), 1(55), I(57), and I(29) : 
are used. i 
i 
If the control parameter I N F W  is nonzero; the prop- 
er t ies  of molecular species a;e calculated on the assunp 
tion that the vibrational degrees of freedom are frozen at 
the reservoir  temperature, I n  t h i s  case, t h e  formulas 
k 
given i n  Section 2.4 of Volume I (ref.  1) are used t o  
zalculate the  species propert ies ,  
3-65 Subroutine TIW~AT 
- 
The function of -AT is t o  ad jus t  the nozzle geo- 
metry i n  the downstream region sc as t o  make the  e f f ec t ive  
area r a t i o  continuous between the  upstream solut ion by 
the  inverse method and the d i r e c t  downstream solution, It 
performs this function by mult5plying the  r e s c a l i n j  fac tor  
RSA, which is used i n  GE@MAR, and w h i c h  is i n i t i a l l y  1.0, 
by the fac tor  AG/Sl. H e r e  S1 is th? geometric area r a t i o  
based on the  specif ied nozzle geqnetry before t h e  adjust- 
ment, and A G - ~ S  t he  geometric area r a t i o  calculated from 
the ef fec t ive  area r a t i o  AFNX, If the  boundary layer is 
not included i n  the  solu.tion; AG is equal t o  AFNX, If t he  
- boundary layer  i s  i x l u d e d ,  AG is computed from AFML by 
ca l l i ng  subroutine AGSgLN. Since boundary layer displace- 
- -- *~ 
ment e f f ec t s  upon the  inviscid f l w  a r e  neglected during 
t h e  nonequilibrium solut ion by the  inverse methad, t he  re- 
; Q_ scal ing a l so  provides-continuity of the  e f fec t ive  area r a t i o  when the  coupling of t he  invisc id  flow with t he  
boundary layer i s  switched on following the  c a l l  t o  -AT, 
i 
I n  addit ion t o  ca lcula t ing RSA,  AT p r i n t s  an in- 
formative message speciiiing the  conditions a t  t he  current  
flow point,  and resets the  indicator  IUPD from 1 t o  0 t o  
s ign i fy  t h a t  t he  switch from the  inverse method t o  the  
d i r e c t  in tegra t ion has occurred, 
3.66 Subroutine TRANSP 
; ... Transport .property calculat ions a re  performed i n  the  [ 
~ T A  code under the general supervision of s&routine 1 
TRANSP, This subroutine contains two entr ies :  TRANSX which ( -/ f :  
- is eal led t o  i n i t i a l i z e  the  routines,  and TRANsP(TTAB,P) 
which carries out the  ac4-cal t ranspor t  property calcula- 
t ions  fo r  any specif ied gas conditions, 
The  ent ry  TRANSX is  ca l led  p r io r  t o  t he  start of ac tua l  
t ransport  calculations,-in order t o  inform the  
routines of the species t o  be used i n  the calculations 
and t o  perform certain required init ializations,  The 
entry f i r s t  se t s  the t o t a l  number of species b I S S  t o  be 
used i n  the transport calculations and then ca l l s  subrou- 
t ine  XSECT which se lec ts~cross  section data for  the specie8 
t o  be used i n  the calculations from t h e  data available in 
the code and arranges them i n  a form convenient for the 
subs p e n t  computations, Finally, TRANSX calculates a .,2.- 
number of quantities depending on.the species molecular 
weights which w i l l  be required i n  the -subsequent trainsport, ' 
computations, before returning control t o  the calling pro-*; 
gram, The quantities calculated here are 
. . 
c(1.J) = * x looU , / F N 2 k w ~ ~ + w j )  for  I 5 J (17ic) 3k 
W; -W 
C(I,J) = d for  I > J w i + 4  
, 
Once the gas species have been defined by calling TRANSX, 
the transport properties for  any :given gas condition are 
computed by call ing TRANSP(TTAB,P), where TTAB is the gas 
.. 
. - temperature and P is the gas pressure i n  atmospheres, The 
:- _ 
species mole fractions are obtained f xom the ariay SAP (J)',''.- '. 
in  common block /TEMPRy/. The f i r s t  step in the comp<ka*., . : ,  ,i2 , 
. . tion is the calculation of the molar specPfiq,beae for . ,  , ,- . ' . 
each species in  the mixture. This. calculation is &,am&& " : 
out by calling the entry THERM1 of subroutine 'IWERM. Input '",. 
t o  the calculation is by means of the common variable CP . 
which specifies the r a t i o  between the temperature TTAB for 
which the specific heats are t o  be calculated and the r e s m  
ervoir temperature CTAP. The nondimensional molar heat 
capacities a t  constant pressure W + c  /N k for  each species 
~5 0 i n  the mixture are  then returned $0 subroutine TRANSP i n  
the common variable CCPJ(J). These values a re  saved by 
the routine i n  the array DH for  l a t e r  use i n  computing the 
in te rna l  thermal conductivity from equation I(95), and are  
a lso used t o  compute the nondirnensional frozen specif ic  
heat CPT$T = V? cpf/Nok fo r  the m i x t u r e ,  which is required 
i n  the calculat2ons of the Prandtl and Lewis numbers, 
equations I(83) and I(84) . In calculating the specific 
heats, it i s  necessary t o  save the previous values of CT 
and CCPJ i n  a temporary location and then restore them for  
l a t e r  use i n  other portions of the flow f i e l d  calculations. 
After completing.the specific heat calculations, TRANSP 
next calls s r o  t ine  UTQIN which' computes the col l is ion cross 
s a c t i o n s ~ ~ ~ ~ ~ ~ ~ , ~ . : ~ ~ , ~ ) ,  13 and ~ f n ~ . ( ~ t 1 )  i n  uni t s  of 10-16 ,, 
c m 2  for a l l  pa i rs  of species i n  the mixzure a t  the specified t e m -  
perature and pressure. These' cross sections are  returned to.sub- 
routine TRANSP i n  the upper half (15 J) of the common arrays  
'Q(l,I,J), Q(2, I , J ) ,  and Q(3,18J) respectively. If  wit 
of pa i r  cross sections has been requested (Isw~B<O), a .  
RETURN i s  now executed, a d  subroutine STUNTS men p r i n t s  
the cross' sections contained i n  the  Q array, However, i n  
a normal NATA run ISWlB 2 0) , subroutine TRANSP uses these 
values of . t S) t o  compute the matrix elements $a3 a. (l), equations X(88) t o  I(90) , which  ~ ~ j ~ ) ~  ai-, 
are required i n  the tr%sport  propcrty calcu_la 5 3  and 
stores them in the Q array, replacing the n i. values 
' - which were previously stored there. The s t a t d e n t s  d m  
t o  80 compute-and s tore  these quant i t ies  as follows: 
3/2 
I Q(I,I,'J) = A f i  A ij k 
(OK) ) o r  S (172a) 
m i l l i w a t t  
3/2 
~ ( 1 1 , ~ )  ai,  [K) (Cm(%) f o r ~ > J  (172b) 
milliwatt 
crn (OK) 3/2 Q ( ~ , I , J )  2 A !  (milliwatt 
8 . &3 1 
for I s  J (172c) 
J = f i  a ( (OK) v2 il ) f o r I >  J (172d) mil l ipoise 
In connection with these cokput ti ns, it may be noted t h a t  
~ Y M P  
-. the  diagonal matrix elements a i l  a re  not  ,required i n  the  
transport  calculations, a s  shown by equation I (86) ,  s o  t h a t  
it is unnecessary t o  compute theh here. Since the  quanti ty 
(172e) i s  not  symmetric i n  i and j, it requires the  whole 
Q (3, I, J) matrix fo r  storage, whereas the  other matrix 
elements a r e  a i l  symmetric, and can be stored i n  ha l f  the  
D /A  i n  milliwatts/an (OK) 3/2 array. The quanti ty Ecpf =, 
i s  a l so  com~uted and stored by the  code a s  FLZWIS, where 
Dia reprzsents the  binary coeff ic ient  I(99) between the  two 
sp cies I D 1  imd ID2 which have been specified fo r  the  cal- 
culation of the  L e w i s  number i n  the  code input, 
The calcala t ion of the  t ranspor t  propert ies  from the  
matrix el em ern-.^ ('-72) i s  begun i n  the Dj8 loop ending a t  
statement 90, an; i s  then carr ied forward i n  a se r i e s  of 
three  subroutines EICjdND, KINT, and KANDMU, The quant i t i es  
xeturned t o  TR.WSP by these subroutines a r e  
SIGMA = U i n  mhos/cm 
ZKINT = Kint/ FF (milliwatts/cm- (OK) 3/2) 
Z K ( ~ )  = K ~ ~ J  (rnilliwatts/cm- (OK 3/2) (173) 
ZK(2) = r / fi 4 (millipoise/ (OK) V ) 
where U , K i n t 8  Ktr, and r are  respectively the  electri- 
c a l  conductivity, the i n t e rna l  thermal conduc~t;ivity, the 
t rans la t iona l  thema1 conductivity, and the  v i scos i ty  of 
the  mixture, a s  given by equations I(85) t o  1(87),  I(95) 
and 1(98),  These quant i t ies  a r e  then corribined further  by 
subroutine TRANSP according t o  equations I(83) , I(84) and 
I(94) t o  obtain tha viscosi ty  VISC i n  poise, and the  frozen 
Prandt l  nuniber PRF and t h e  atom-molecule L e w i s  nuniber* 
FLEWIS .. These q u a n t i t i e s ,  along with t h e  e l e c t r i c a l  con- 
duc t iv i ty  SIGMA, are then returned t o  the c a l l i n g  program 
i n  t h e  common block TRPROP. For ISW8B # 0, these  da ta ,  as 
w e l l  a s  c e r t a i n  o ther  q u a n t i t i e s  of i n t e r e s t ,  a r e  a l s o  
pr in ted  ou t  by t h e  f i n a l  sec t ion  o f .  subroutine TRANSP be- 
f o r e  re turn ing  con t ro l  t o  the c a l l i n g  program. 
3.67 Subroutine WEDGE 
Subroutine WEDGE c a l c u l a t e s  t h e  pressure,  h e a t  f lux ,  
and boundary layer  displacement thickness  on wedge models, 
The ca lcu la t ions  are done using the modifications 1(501), 
I(503),  I(505) of the r e s u l t s  of he Cheng-Kemp theory, 
Optionally, t h e  ca lcula t ions  are 'a lso d ~ n e  using t h e  unmod- 
i f i e d  Cheng-Kemp theory i f  the input  c o n t r o l  va r i ab le  
ISW9B i s  set t o  a value i n  t h e  range from - 1 t o  -3 . 
WEDGE obta ins  the  free-stream flow proper t i e s  required 
i n  t h e  ca lcula t ions  from tile a r r a y  FVWT i n  common block 
/~~~UTPUT/. The da ta  i n  t h i s  a r r a y  r e f e r  fa t h e  cu r ren t  flow 
point ,  because t h e  f r e e  stream condit ions are always p r in ted  
out  immediately p r i o r  t o  a call  t o  subroutine WDEL which, 
i n  turn ,  cal ls  WEDGE. These da ta  a r e  accessed by equiva- 
lencing the va r i ab le  names used i n  WEDGE t o  the correspond- 
ing FVflUT a r ray  elements. 
The subroutine log ic  i s  straightforward. A l l  quanti- 
t i e s  which a r e  independent of the  angle of a t t a c k  and the  
wedge leading-edge rad ius  are computed f i r s t .  The remain- 
i n g , c a l c u l a t i o n s  a r e  performed and the r e s u l t s  a r e  pr in ted  
out  i n  a p a i r  of riested D@ loops over t h e  index I R  f o r  
leading edge r a d i i  and . the  index I A  f o r  angles of a t tack .  
*The L e w i s  number a s  given by I(84) is mul t ip l ied  by an 
integer va r i ab le  IAMBIP, which i s  equal  t o  1 i f  the two 
. species  f o r  which ?-.he Lewis number is  ca lcula ted  a= both 
neut ra l ,  and equal t o  2 i f  one of these  spec ies  i s  an ion, 
The fac to r  of 2 .  takes account of t h e  ambipolar nature of 
the d i f fus ion  of ions  i n  a n e u t r a l  plasma, 
F For each angle-radius combination, the  subroutine performs 
f' 
calcula t ions  f o r  a l l  of the  spec i f ied  d is tances  from t h e  
-. leading edge. These d is tances  a r e  s ~ e c i f i e d  i n  the  input  
i n  two independent ways: 
(1) A uniform sequence of NWX points ,  with an ' 
i n i t i a l  value of W X 1  and an increment DWX; 
(2)  A l i s t  of a r b i t r a r y  values i n  ascending 
order. 
Subroutine WEDGE fo lds  these two sequences together  i n t o  a 
s ing le  sequence arranged i n  ascending order,  using logic  
similar t o  t h a t  employed i n  subroutine NEXTMP. 
WEDGE c a l l s  subroutine S H ~ K  t o  compute t h e  s t a t i c  
pressure r a t i o  across the  oblique shock, denoted by APR(1A). 
f 
B This quan t i ty  i s  used i n  c:alculating t h e  angle of a t t a c k  
parameter (denoted by CWGAM) from equation I(501) i n  
the modified Cheng-Kernp theory. After r and < (ZETA) 
have been computed, WEDGE c a l l s  subroutine WES(dLN t o  ob- 
t a i n  t h e  approximate so lu t ion  of the  Cheng equation. The 
arguments of WESfiLN a r e  double precis ion.  
The ca lcula t ions  based on the  modified Cheng-Kemp 
theory a r e  performed f o r  ITH = 1. When these ca lcu la t ions  
have been completed a t  a given model po in t ,  i f  ISW9B is 
negative, ITH i s  s e t  equal t o  2 and a l l  of the  ca lcu la~ l ions  
a r e  done over using the  unmodified theory. 
The input  var iable  ISW9B i s  a l s o  used t o  con t ro l  the 
output of some r e s u l t s  of secondary i n t e r e s t .  I f  ISS=IISW~BI 
i s  equal t o  1, the  shod; ordinate  YS i s  pr in ted;  i f  IS9 is 
equal t o  2 ,  the nondimensional coordinate ZETA i s  pr in ted;  
and i f  IS9 i s  equal  t o  3 ,  both YS and ZETA a r e  pr inted.  
3.68 Subroutine WESaLN 
The function of subroutine WESgLN i s  t o  solve the  Chen5 . 
equation I(480) f o r  z ,  z z ' ,  and (22 ' )  ' when 5 and r are 
given. The so lu t ion  i s  based on t h e  approximation I (484) .  
which r e l a t e s  the  so lu t ion  fo r  general  f t o  t h a t  f o r  r = 0. 
The l a t t e r  i s  obtained from Cheng6s a n a l y t i c a l  s o l u t i o n  
I (482) ,  I(483) f o r  3 3 10'~. For small 7 , t h e r e  is  
a g r e a t  d e a l  of cance l l a t i on  of terms i n  I(482), s o t h a t  a 
many s i g n i f i c a n t  f i g u r e s  of accu racy , a re  host .  This  prob- 
l e m  is  k e p t  under c o n t r o l  by performing a l l  of t h e  a r i t h -  
metic i n  WESeLN i n  double p r e c i s i o n ,  and l- using an analy- 
t i ca l  series so lu t ion  f o r  <;I lom8: 
' 2 = 1.65096 < 2/3 + 0.50869 5 5/6 - 0 0 . 2 4 9 f '  (174a) 
. 
Equation (174a) was der ived by B ~ g e r  and A i e l l o  ( r e f .  16).  
Equations (174b) and ( 1 7 4 ~ )  can hc ~ b t a i n e d  from (174a) by 
d i f f e r e n t i a t i o n .  
For > lon8, equat ion I (482b) i d  solved f o r  using 
Newton's method. The parameter X i s  denoted by XL. An 
i n i t i a l  t r i a l  value of X i s  obtained from t h e  rough analy- 
t ical  approximation 
which has  a maximum,error of  about 12 perccnt .  A t  each 
step i n  t h e  Newton i t e r a t i o n ,  < i s  ca l cu l a t ed  from t h e  
cu r r en t  t r i a l  va lue  of using equat ion I (482b) , and an 
improved es t imate  A 6  of  X i s  obtained from 
in which f i  i s  t h e  i npu t  value  ZETA and, from I(480)  
wi th  r = 0 and I (483) ,  
where I is computed frun 1(482a). The cmvergince criter- 
ion of the i te ra t ion  is t h a t  the 5 from I(482b) q u a 1  t5e 
input value to within 0.01 percent, . - 
% 
Once the correct value. of for  the solution with 
r = 0 has thus been found, the three outputs of the rou- 
tine are computed a s  follows: zzl (dersked by ZZP) i s  
obtained from equation 1(491), (nz' ) @ (denoted by ZZPP) 
fran I(434) and I(485) , and n, (denoted by 2) f r m  I(492). 
I 3-69 Subroutine XSECT 
S u b r o ~ i i ~ i e  ISECT provides NATA with the capability t o  - 
perform transport property calculations f o r  gas model. . - 
which do not contain a l l  of the species l i s t ed  i n  the pre-. 
coded cross section data, and i n  which the species may be 
l i s ted  i n  a d i f fe rec t  ordzr, For t h i s  purpose the subrou- 
t ine  sets up a new set of  data for  the cross .section compu- 
ta t ions  i ~ i  common block /TRANS7/ which gives the same values 
for  the cross sections a s  the or iginal  input data i n  common' 
block /TRANs2/, but which is ina more condensed :ormat, a d  
is referenced t o  the set of species included i n  the current 
gas model rather than t o  the larger set of species for  
which cross sectkons axe defined i n  the precoded input 
'data,  The edited data i n  common block   TRANS^/ a re  then 
used by the code i n  canptrtinq col l is ion cross sections for  
the  gas i n  the subsequenr transport property calculations. 
The or iginal  cross section data are also retained . unchanged 
i n  common block /TRANS2/, i n  order t o  allow the running of 
stacked cases w i t h  d i f ferent  sets of species. 
Since several of the options which a re  used for comput- 
ing cross sections i n  NATA (see Section 4.6 of Volume 11, 
. ref. 2) give vzlues .for the cross sections which depend on 
the values computed i n  previous steps of' the computation, 
the edited cross section data in.common block /TRANS7/ are 
set up t o  carry out the steps of the moss section computa- - -  
t ions  i n  the same order i n  which they were specified i n  the -.. 
i I 
original  data; however, the species references in t ie  dgta 
are changed so tha t  the computed cross sections wil!. be' 
* 
iridexed i n  the.same way a s  the  species used'in the cur- 
* 
ren t  gas model, rather than being indexed t o  the or iginal  
precoded or input data. Further, cross sections for  pa i r s  
of species not required i n  the transport calculations are 
omitted from the edited data, and any missing cross sec- 
t ions are supplied according t o  the. default  options des- 
cribed in  Section 4.6 of Volume 11, The procedures used 
by subroutine XSECT i n  preparing these edited data a re  
t?%scr&ed i n  the following paragraphs, It may be noted 
that several of the cross section options available i n  the  
code contain features which require special  treatment i n  
t h i s  process, s o t h a t  the coding of the  subroutine becomes . -  
rather lengthy, although the basic. concept is simple, A 
schematic flowchart of the subroutine showing the major 
control sections i s  provided i n  figure 27, 
3.69.1 In i t ia l iza t ions  
The first executable statement i n  subroutine XSECT 
sets the number of species N for  which cross sections 'are -. 
to be computed equal t o  the number of species ISS i n  the 
current gas model, The next two statements s e t  IEIIEC = 1 
i f  electrons a re  t o  be considered in  the transport calcu- 
lat ions and IELEC = 0 otherwise. I f  e l e c t r ~ n s  a re  included 




The statemexitsfrom "JJ  = 50" down through statement 30 
establish the correspondence between the species i n  the 
current gas mode; and the master list of species," which 
is used i n  indexing the cross section data supplied i n  cow 
' rnon block /!iWUiIS2/. These statements use the. caumon vari- 
able IS(L), which gives the index IS i n  the master species 
: list o f  the ~m species i n  the current gas model (for 1 5  L SISS)., 
t o  prepare a new array I(J) which gives the position I i n  the 
m r r e n t  model of the ~ t h  species i n  the master speci6s list,: . 
for each species included i n  the  current gas model, Species 
i n  the master species list which are  not-included i n  the 
current model are Eilled in to  the I(J) array i n  crrder f o b  ' 
lowing tho species included in  the current model, so that 
2.; . , 
._ ' 
*See Section 4,2 of Volume I1 (ref. 2). 
. . 
. .  . . . 
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I fJ )  defines a rearrangement of the  master species list 
sucll t ha t  a l l  species 3 i n  the original  master species 
list occur at sme point I(J) i n  the rearranged l i s t , *  . 
an6 the f i r s t  ISS species i n  the rearranged list are j u s t  
the species in. the current model, in the correct order. 
The three -statements fb~lowing statement 30 determine 
-- .the indices I U 1  and I D 2  in the rearranged species list of 
the species to be used i n  the Lewis  number calculationo. 
They &re set up so  that ID1 <.ID2 i n  a l l  cases, 
The caaPraon variable Q(l,J,L) is used as a f l a g - i n  sub- 
routine XSECT to irrdicate those p&s of species fo r  which 
cross section data have been supplied. Statements 40, through 
50 initiali-  this variCable to  0 for a l l  pa i rs  of species- 
included i n  W ~ Q  cross section calculations, and the value 
is then later set t o  1 for  each species pa i r  for which dat3 
are provided, The value Q(1,2,1) = 1, is set i n i t i a l l y  t o  
indicate that the pair (2 , l )  is uked .in the  intermediate 
calculation of the cross sections i n  subroutine PUMIN, and 
is thus not available for  use i n  input. (Note that w e  are 
concerned here w i t h  ordered pairs (J,L), Only the pa i r s  
w i t h  J c L are used i n  the actual  transport property cal- 
culations, ** while those Kth J > L are available fo r  inter-  
mediate calculations if desired, ) 
3.69.2 Resequencing of Steps and Revision 
of Species References 
The coding following statement 50, down t o  statement 
110, revises the species references i n  the  input cross - 
- 
section data t o  conform t o  the rearranged species list I(J) 
described above and sets up a preliminary version of the 
edited cross section data i n  common block   TRANS^/ usirig 
these revised data. A t  t h i s  stage of the computation, the  . 
*It is  assumed t h a t  the master species list contai is  no 
more than 50 species; i n  the current version of NATA, array 
dimensions l i m i t  the number of species t o  30. 
**See the discussion of subroutine TRANSP i n  Section 3.66. 
e d ~ t e d  c'ata contain the sanle information a s  the or iginal  
cross ::: mction -data in  common block /TRANS2/, but the order 
of ~ ~ t c . ~  s i n  the edited data is rearranged t o  conform t o  
t h a t  s.. ecif ied by the sequencing array ISEQ, and the data 
on s lecies  p a i r s  and cross section parameters for each 
s tep s.ra close packed i n  the IQ , JQ, ' and V arrays, Furthqr , 
N(.!(I;) -j:n the edited data is taken t o  be the sum from 1 t o  
L of tbs original  NNQ(L) values, and the indices of a l l  
species p a i r s - i n  the edited data are  changed t o  refer  t o  
Cre p:: itions of the species i n  the  rearranged species list, 
X!J). Since only cross sections Q ( J , K )  with J 5 K are 
us* i n  the transport property calculations, the correspon- 
dence between species pa i rs  used i n  se t t ing  up the edited 
cross section data must preserve this property. Accordingly, 
the  pa i r  ( J , K )  i n  the  or iginal  data is replaced by( I ( J ) ,  
I (K)) i f  J-K and I (J) -I (K) have the same sign and by the 
pa i r  (I (h') , I (3) ) i f  they have different  signs. Since t h i s  
corr 3sponrlence i s  1-1 between ordered pa i rs  of species, it 
is  &ear tha t  when every species pair  i n  the  or iginal  
cros.:; section data is replaced by i ts  corresponding pair  
in ti.e edited data, the calculated cross section values 
w i l l  a l l  be the same as before, bu t  w i l l  be rearranged i n  
the ord=r require. i for the  transport property calculations, 
The above correspondence between species pa i r s  is 
carried out i n  the NATA code by subroutine CXSECT, which 
returns the revised indices of a species pa i r  i n  i t s  argu- 
ment l i s t  when it i s  called with the or iginal  indices, 
In the coding down thmugh statement 80, t h i s  correspon- 
dence is wed  t c  s e t  ap the IQ, JQ list of species pairs  
for  the revised ~ : o s s  section computations. This section 
of coding aLs\ s e t s  Q(L, L , J )  = 1, for  those species pa i rs  
which a re  i: , luded i n  the IQ, JQ list. 
Fox the cross section options KQ = 9 and 12,  there a re  
a lso references t o  species pairs in  the V parameters of the 
opt.: .n With must be revised. This r e d  sion is carried 
o-t  by the stater..ents following statement 80 down through 
the statement. be£ ore 110, Subroutine BXSECT searches 
through t,\r steps L of the cross section computation i n  
common block /TWS7/, s ta r t ing  with the f i r s t  s tep a f t e r  
the l~?,ue of L specified i n  i t s  argument, and looking for  
a s t ep  with IQ(L) = 9 o r  12. When such a s tep  .is found, 
the  subroutine re turns  the index of the  s t ep  L, the  index 
MMV + 1 of the  f i r s t  V parameter fo r  the  step,  and the  
indices LL and J of the  species pa i r  which is referenced'  
i n  the V parameters of the step, subroutine XSECT then -. 
c a l l s  CXSECT t o  r ev i se - the  indices fo r  the  p a i r  and goes 
on with the  search by ca l l ing  BXSECT again. This process 
i s  continued u n t i l '  the  f i n a l  s tep  L = NKQ of the  computa- 
- t i ons  is reached; a t  t h i s  point BXSECT sets 3; t o  0 as a 
s igna l  t h a t  the  search has been,ccmpleted and control  
passes t o  t he  next sect ion of '  code (statement 110). I n  
addition t o  rev i s ing  the indexing of the  species pa i r s ,  
t h i s  sect ion of code a l so  sets MMV,for later use, equal 
t o  the t o t a l  nuniber of V<parame'.ers used i n  the cross 
section. computations. 
3-69.3 Deletion of Unused Steps 
When control  reaches s t a t e m e ~ t  110 of subroutine XSECT, 1 
t he  rearrangement of the  species i n  the cross  sect ion data  
t o  conform t o  the order i n  the  currer,t gas model has been 
completed. The following section of coding, from statement 
k- 110 through 380, is now concerned with increasing the  e f f ic -  iency of the  cross  sect ion computations by omitting unnec- 
- essary s teps  i n  the  computation. I n  this procedure, the  
statements f rom 110 t o  300 determine which cross sect ions 
are t o  be  omitted f r m  the  canputations, wh ib  those from 
300 through 380 carry out the  a c t u a l  ed i t ing  of t he  cross  
sect ion data  t o  de le te  these values. 
As noted previously, the number of species Il t o  be in- 
cluded i n  the  cross sect ion computations is set equal t o  t he  
number of species i n  the  current  gas model a t  the  begin- 
ning of submutine XSECT. Thus only cross sect ions between 
p a i r s  of species with ineices I (, N i n  the  revised cross 
s e c t i m  data  a r e  required i n  the  t ranspcr t  property calcu- 
lations. Ordinarily cross sect ions involving a species 
with index > N can be omitted fmm the  cross section com- 
putations without changing the values of the computed cross 
sect ions £or the  remaining species with indices 5 N; however, 
fo r  the options I(n = 9 and 1 2  used i n  the  cross sect ion 
computations, it may happen t h a t  the  cross sect ion values 
I - for some pa i r  of species with indices i N  are  t o  be com- puted frcun values obtained previously for some other spec- .. i e s  pa i r  involving a species with index > N. Statements. 
110 to 140 check for t h i s  possibi l i ty ,  again using subrou- 
t ine  BXSECT t o  search for  those steps i n  the computation -. 
with KQ = 9 or  12 ,  (Note t h a t  the coding here a s sumes  
t ha t  L = 0 when statement 110 -is reached. This i s  always 
-. 
true, since statement 110 can 'only be reached from the IF  
statements following statements 100 and 290,) I f  t h i s  
search does not reveal any pa i r 'o f  species with an index i > N  which af fec ts  the cross section computations for  species 5 with indices 5 N, then it i s  possible t o  omit a l l  species 
1 with indices > N from the cross section computations with- 
j 
r 
f out affecting the values 'of the calculated transport prop- % .  
i e r t i e s ,  . and contrcl  passes a t  once t o  statement 300. I f ,  on the other hand, scme species pa i r  (LL,J) with an index 
i $ greater than N i s  found which af fec ts  the computations for 
i indices I M, then the search for further such pa i rs  i s  tern- 1 porari ly discontinued and the code immediately begins look- [ ing for a way t o  include the pa i r  (LL, J) i n  the computations, I 1 The f i r s t  approach considered is t o  t r e a t  the cross sections 3 i 
f for the pair  (LL,J) a s  an intermediate s tep i n  the cmpu- i 
3 
t a t ion  of the cross sections for the species with indices : 
- .  
I .  I N, and t o  f i l l  the computed cross sections for t h i s  pa i r  1 i ' into some unused location (I1,JJ) of the cross section array 
for  species 5 N, where JJ < 1'1 < N,* Statements 140 t o  3.50 F 
look f o r  such a location, using the previously s e t  array i 
Q(~,II,JJ) as  a f lag t o  indicate which locations are avail- ( 
ab l e  . I 1 
i 
I f  a s u i t a l e  location £or intermediate storage of the 1 i 
pair  (LL,J) i s  not found i n  statements 140 through 150, 1 
then the following section of code down t o  statement 190 I 
increases the nuniber N of species t o  be included i n  the 1 i 
cross section computations by one, rearranges the l i s t ' o f  
species I(J) for  the edited cross section data so tha t  the 
species corresponding to the maximum index of the pair  (LL,J)  
w i l l  be the new species included i n  the cross section compu- 
tat ions (note that  by definit ion t h i s  species was not included 
I *Remember tha t  only species with I1 5 JJ are  used i n  the I transport calculations. 
3 .  
i n  t h e  computations previously) ,  and then,  r e t u r n s  c o n t r o l  
t o  statement 40 t o  begin t h e  preparat ion of tine ed i t ed  
cross  szc t ion  d a t a  again from t h e  beginning, using t h e  new 
arrangement of spec ies  I(J), If t h i s  procedure would lead 
to a valce of N > 20, however, s o  t h a t  the  dimensions 
allowed for the c ross  sec t ion  computations i n  t h e  code 
would be exceeded, it is  no t  c a r r i e d  ou t  and con t ro l  passes  
ins tead  t~ 3tatement 540 where a d iagnos t ic  message is 
pr in ted  L.Ald t he  e r r o r  ind ica to r  ERR is  set t o  terminate 
the case. If more than 50 species  were spec i f i ed  i n  t h e  
master species  l ist ,  t h e  case may a l s o  be terminated by 3 
rzaching t h e  G$ 540 statement a f t e r  statement 180. f 
- .j 
When the statements from 140 through 150 are success- 1 I f u l  i n  f inding an unused l o c a t i o n . ( I I , J J )  which can be use?= . 8 
f o r  s.toring the  c ross  sec t ions  of tFe  spec ies  p a i r  (LL,J), 
con t ro l  passes  t o  statement 190, where t h e  value of Q(l, I1,JJ) 
is immediately set t o  1.0 t o  i n d i c a t e  t h a t  t h e  p a i r  (II,JJ) 
i s  now being used i n  t h e  cross  sec t ion  lomputations. The 
following statements down t o  statement 500 then r e v i s e  the  
ed i t ed  c ross  sec t iond i t a  i n  common block /TRANs7/ t o  change 
a l l  references t o  t h e  p a i r  (LL, J) t o  (11, JJ) , To carry o c t  
t h i s  r ev i s ion  without changing t h e  values of t h e  computed 
c ross  sec t ions ,  any s t e p s  i n  t h e  computation which use the  
p a i r  (LL, J) i n  t h e  empir ical  mixing r u l e  KO = 10 must a l s o  I 
be converted i n  t h e  r ev i s ion  process  t o  use  the  generalize6 1 
mixing r u l e  KQ = 12. ?.is conversion i s  ca r r i ed  ou t  by t h e  4 
coding dovm through t h e  statement NKQ=NSV a f t e r  statement 
270. The code f i r ~ t  searches through a l l  s t e p s  L of t h e  
i 
c r o s s  sec t ion  computations t o  f ind  any s t e p s  using t h e  op- 
i 
t i o n  KQ = 10 which r e f e r  t o  t h e  p a i r  (LL,J). This may occur 
.'n two ways: e i t h e r  t h e  spec ies  p a i r  (LL,J) may be a non- 
t.iagona1 p a i r  ( i-e. ,  LL.# J )  which i s  computed with t h e  
opt ion KQ = 10 a t  some s t e p  of t h e  computations, o r  it 
may bl a diagonal  p a i r  (i.e., LL = J) which is used i n  t h e  
option KQ = 19 t o  conpute t h e  cross sec t ions  f o r  some non- 
3iagonal p a i r  involving t h e  spec ies  LL. Both of these  
p o s s i b i l i t i e s  are checked f o r  by t h e  IF statement below 
statement 200, and i f  e i t h e r  i s  found the  following state- 
ments then r e v i s e  t h e . e d i t e d  c ross  sec t ion  da ta  i n  common 
block  TRANS^/ t~ convert  the  computation fo r  t h e  given 
spec ies  p a i r  t o  t h e  option KQ = 12, This is accomplished 
by in se r t i ng  the required da ta  f o r  t he  KQ = 1 2  option i n t o  
t he  KQ, NQ, IQ, JQ and V ar rays  j u s t  ahead of the  da ta  f o r  
the s t ep  L which o r ig ina l ly  computed the  c ross  sect ion,  
and moving t h e  remaining da t a  i n t h e s e a r r a y s  down t o  make 
room f o r  t he  new data. l'he o r i g ina l  option KQ = 10 is,re- 
tained i n  the  data  immediately following t h e  new KQ = 12 
optior,; bu t  is  no longer applied t o  t h a t  species  p a i r  f o r  
which tfki Q=12 option i s  being used. The values of MMV, NKQ 
and L are a l s o d j u s t e d  t o  agree with the revised data. In 
these  computations, subroutine BXSECT is used t o  loca te  
the posi t ion  MM i n  t he  V a r ray  a t  which t he  new da ta  are 
t o  be inser ted ,  This i s  done by replacing NKQ by L in  
common block  TRANS^/, so a s  t o  cause BXSECT t o  end i ts  
search of the,KQ array,  when s t ep  L i s  reached. The t r u e  
value of NKQ i s  saved i n  the  var iable  NSV throughout t h i s  
sect ion of the code -and i s  restored t~ i t s  proper locat ion 
a t  the  end of the  section. 
After  the required conversions from KQ = 10 t o  KQ = 12 
have been made, con t ro l  passes t o  t he  sec t ion  of code be- 
tween card XSE 213 and statement 300, which changes a l l  
references t o  p a i r  (LL,J) i n  the  IQ,JQ, and V ar rays  t o  
r e f e r  t o  the  p a i r  (I1,JJ) instead,  using t he  same algo- 
rithms a s  w e r e  used previously i n  rearranging t h e  species  
i n  statements 40 through 110. When these  changes have been 
completed, con t ro l  re turns  again t o  statement 110 and the  
code again searches the  edi ted  cross  sect ion da t a  f a r  a 
p a i r  of species  w i t h  an index > N which a f f e c t s  the  cross  
sec t ion  computations fo r  species  with indices  S N. I f  such 
a p a i r  is found, it is eliminated from the  edi ted  cross  
sec t ion  da ta  a s  described above, and t he  whole process i s  
repeated u n t i l  e i t h e r  a l l  species  p a i r s  w i t h  indices  > N 
which a f f e c t  t he  c ross ' sec t ions  f o r  species  < N have been i i 
eliminated from the  data  and con t ro l  passes t o  statement 
300, o r  else the  procedures used i n  the code a r e  unable t o  
el iminate a species  p a i r  and cause the case t o  be terminated 
a s  described above. 1 
i 
By the  t i m e  con t ro l  reaches statement 300 i n  subrou- 
t i n e  XSECT, the edi ted cross  sec t ion  da ta  have been pu t  
i n t o  such a form t h a t  a l l  c ross  sect ion coxputations in- 
volving species with indices  g rea te r  than N can be omitted 
To determine t h e  required rev i s ion  of t h e  KQ, NQ, and 
V a r rays  i n  the ed i t ed  data;  i c  i s .necessa ry  t o  e s t a b l i s h  
the correspondence between these  a r rays  and t h e  IQ, JQ 
arrays.  This i s  done and t h e  a r r a y s  a r e  revised  i n  t h e  loop 
over t h e  s t eps  L of t h e  cross  sec t ion  computation which ends 
a t  statement 370. For each s t e p  L of the  computations, t h e '  
small  loop ending a t  statement 320 determines t h e  correspon- 
dence t o  the  IQ, JQ list and c a l c u l a t e s  the  t o t a l  nw~iber of 
species  p a i r s  NEWW which are no t  de le ted  up through s t e p  . 
L. This number is the new value of NQ f o r  t h e  step.  
I 
,-.-. . . I  ., 
The second statement below 330 i s  t h e  test  t o  deter-  
mine whether t h e  cu r ren t  s t e p  L of t h e  computations w i l l  be 
omitted from t h e  revised data.  The t e s t  compares t h e  cu r ren t  
value of NEWW with the  value f o r  t h e  previous s tep ;  i f  these  
two values a r e  equal,  it ind ica tes  t h a t  the  cprrent  s t e p  of 
' 
* t h e  computations w i l l  not  apply t o  any species  p a i r s  i n  t h e  
IQ, JQ l is t  a f t e r  tile de le t ions  are' made, so  t h a t  t h e  s t e p  
can o rd ina r i ly  be omitted from the  revised d a t a  without af-  
f ec t ing  t h e  computed cross  sect ions.  However,, f o r  t h e  op- 
t i o n ,  KQ = 10 t h e  s t e p  is not  omitted, even though it does 
I 
not  apply t o  any species ,  s ince  it may be required subse- 
quently i n  supplying t h e  d e f a u l t  da ta  f o r  t h e  cross  sec t ions ,  
a s  described below. 
The ed i t ed  c r o s s  sec t ion  da ta  f o r  those s t eps  which a r e  
not  t o  be omitted from the  computations a r e  placed i n  t h e i r  
proper locat ions i n  the  revised KQ, NQ, and V a r rays  by the  
coding from the  t h i r d  statement below 330 down t o  t h e  
without changing t h e  va l-ues of t h e  computed c ross  sec t ions  
f o r  the species  with indices  (, N. The r ev i s ion  of the  d a t a  
t o  o m i t  these  computations is c a r r i e d  out  by statements 300 
t o  380. The p a i r s  of species  f o r  which c ross  sec t ions  are 
computed a t  each s t e p  of t h e  computations are given i n  t h e  
XQ and JQ arrays ,  so tha t  t h e  s t e p s  t o  be  de le ted  from t h e  
computations can be determined simply by searching t h e  XQ, 
JQ list  f o r  p a i r s  i n  which a t  l e ~ s t  one of the indices  1Q 
o r  JQ is > N. This search i s  performed by t h e  preliminary 
loop ending a t  statement 310, and t h e  value of IQ f o r  each 
p a i r  which i s  t o  be dele ted  i s  s e t  t o  0 as a s i g n a l  f o r  t h e  
subsequent ca lcula t ions .  
. -  - _  _ 
._ _"_---.-.- - 
. _ _-l""-.".l-- 
statement before 360. Since t h e  revised a r rays  i n  t h i s  s t age  
of the  ca lcu la t ions  a r e  always s h o r t e r  than, o r  a t  most equal  
t o ,  t h e i r  i n i t i a l  length,  t h i s  r ev i s ion  can be cz r r i ed  o u t  
e n t i r e l y  within t h e  ar rays  themselves, wi t l~ou t  d i s tu rb ing  
subsequent s t eps  i n  the  revision. The ind ices  L and MV 
here ind ica te  the  pos i t ions  of t h e  da ta  i n  t h e  i n i t i a l  ar- 
rays,  w l ~ i l e  NEWL and NEWMV a r e  t h e i r  p o s i t i o n s  a f t e r  t h e  de- 
s i r e d  omissions have been made. It may be noted fu r the r  i n  
connection with t h i s  ca lcu la t ion  t h a t  no da ta  need be added 
t o  the  revised V a r ray  f o r  KQ = l 0 , s ince  t h i s  option requi res  
no values f o r  V i n  i ts  operation. Also t h e  number of V 
parameters NV(K) required by each option is obtained from 
p r e s e t  d a t a  i n  the  code, For s t eps  which are omitted from 
t h e  computations, of course, no d a t a  need be added t o  the  
KQ, NQ, and V a r rays ;  however, t h e  t o t a l  number of  s t e p s  
NKQ i n  t h e  computations i s  reduced by 1 by statement 360. 
Once t h e  r ev i s ion  of t h e  KO, NQ, and V a r r a y s  has  been 
completed, t h e  revis ion  of t h e  IQ and JQ ar rays  i s  completed 
i n  the  loop ending a t  statement 380 by de le t ing  t h e  unwanted 
species  p a i r s  and rqving t h e  remaining p a i r s  up t o  f i l l  i n  
any resu l t ing  gaps. This process completes t h e  e d i t i n g  of 
t h e  cross  sec t ion  d a t a  t o  remove unnecessary s t e p s  i n  t h e  
computations which was begun a t  statement 110 of the  sub- 
rout ine ,  and provides a s e t  of ed i t ed  cross  sec t ion  d a t a  
E which w i l l  g ive t h e  same computed c ross  sec t ions  a s  t h e  o r i g i n a l  input  da ta  f o r  a l l  spec ies  included i n  t h e  cu r ren t  
gas  model, b u t  which includes only da ta  f o r  t h e  N spec ies  
f o r  which c ross  sec t ions  a r e  t o  be calculated,  and omits 
a l l  da ta  f o r  o the r  species  which may have been included i n  
t h e  input  o r  t h e  precoded data.  
3.69.4 Default  Options 
The f i n a l  sec t ion  of subroutine XSECT, following s t a t e -  
ment 380, i s  f o r  t h e  purpose of providing c ross  sec t ion  
da ta  according t o  t h e  d e f a u l t  options discussed i n  Section 
4.6 of Volume 11 ( r e f .  2)  f o r  any p a i r s  of spec ies  included 
. i n  t h e  t r anspor t  ca lcu la t ions  f o r  which d a t a  were no t  sup- 
p l i e d  i n  t h e  input.  These da ta  are added t o  the  ed i t ed  
cross  sec t ion  da ta  i n  common block /TRANS7/ t o  provide a 
complete s ~ t  of da ta  f o r  the  l a t e r  c ross  sec t ion  computa- 
t i o n s  i n  subroutine PUTQIN. 
--*-.--.. 
The f i r s t  sec t ion  of coding below statement 380 sup- 
p l i e s  d a t a  f o r  computing the  unspecified neut ra l -neut ra l  
c ross  sec t ions  i n  the  gas  mixture from t h e  empir ical  mix- 
ing r u l e ,  equation I(102).  These d a t a  are added t o  the  
edi ted  cross  sec t ion  da ta  a t  the  l a s t  s t e p  i n  which the  
option KQ = 10 i s  used, o r ,  i f  t h i s  option is n o t  used a t  
a l l  i n  t h e  da ta ,  a z t e r t h e  l a s t  s t e p  o f  t h e  spec i f ied  data ,  
This  procedure has  been adopted i n  the  code t o  permit d a t a  
on t h e  resonant cont r ibut ions  t o  t h e  neut ra l -neut ra l  c ross  
sec t ions  t o  be specif ied a f t e r  t h e  l a s t  s t e p  i n  the  compu- 
t a t i o n s  using KQ = 10, without a f fec t ing  t h e  values of t h e  
d e f a u l t  c ross  sec t ion  computed from t h e  mixing r u l e  I(102). 
I 
The coding from statement 380 down t o  statement 400 Z i 
determines t h e  s t e p  LL i n  t h e  cross  sectiori computations 1 
a t  which t h e  unspecif ie3 neut ra l -neut ra l  c ross  sec t ions  i 
a r e  t o  be added t o  t h e  data.  I f  no s t e p  w i t h  KQ(LL) = 10 1 f 
i s  found i n  t h e  da ta ,  an a d d i t i o n a l  s t e p  i s  added f o r  t h i s  1 
purpose a t  t h e  end, an.d t h e  value of NQ(LL) f o r  t h i s  s t e p  t I
i s  s e t  t o  N Q ( L j i l ) ,  s ince  a s  ye t ,  t he  s t e p  does n o t  apply L 
t o  any p a i r s  of species  i n  t h e  IQ, JQ list, The statements i ? 
f ro~n  400 through 420 then determine t h e  charge 12, i n  u n i t s  - 
of the e lec t ron ic  charge, f o r  each of t h e  spec ies  i n  t h e  
i 
I 
t r anspor t  ca lcu la t ions ,  using da ta  from t h e  common a r ray  
LPIJ containing t h e  oC matrix,  and t e s t  t h e  value of I Z  ii 
i 
I 
t o  determine which are t e n e u t r a l  species. When no elec- I 
t rons  a r e  present  i n  t h e  gas, ( i .e. ,  IELEC = 0 ) ,  a l l  spec- 
i e s  a r e  assumed t o  be neu t ra l  and TZ i s  n o t  set. Since I I 
t h e  correspondence I (J) which was previously .es tabl ished 
between t h e  master species  list f o r  t h e  code and t h e  spec- 
i e s  i n  t h e  t r anspor t  property c a l c u l a t i v l ~ s  i s  now no longer 
I 1 
needed, t h e  a r r a y  I is now used t o  s t o r e  t h e  indices  of 
t h e  n e u t r a l  species  f o r  l a t e r  reference.  Since nd d e f a u l t  
I 
i 
option has  b ~ e n  es tabl i shed  i n  t h e  code f o r  the computation 1 
of c ross  sec t ions  f o r  t h e  c o l l i s i o n s  0 f . a  n e u t r a l  species  
with i t s e l f ,  t h e  code tests each n e u t r a l  spec ies  t o  deter-  
mine whether these  da ta  have been spec i f ied  i n  t h e  input  
and i f  they have not ,  terminates  the  case by t ransfcxr ing  
con t ro l  t o  statement 540. 
Once t he  n e u t r a l  spec ies  have been ae temined ,  the  
code c a l l s  subroutine AXSECT t o  add t h e  required d a t a  
f o r  these  species  t o  t h e  edi ted  cross  sec t ion  d a t a  i n  
common block /TRANs7/. Subroutine AXSECT then takes  t h e  
l ist  of n e u t r a l  spec ies  s t ~ r e d  i n  t h e  I a r ray  and t e s t s  a l l  
p a i r s  (J,K) with J K, using the  previously s e t  values 
-. 
of t h e  common var iable  Q (1, J, P) , t o  determine those  pair^ 
f o r  which cross  sec t ion  da ta  have not  previously been sup- 
p l ied .  A l l  such p a i r s  found in .  t h i s  search a r e  then adde 
t o  t h e  IQ, JQ list a t  t h e  ~ ~ t h  s t e p  oE t h e  crcss sectj.oL? 
conputations, the  values of t h e  Q (1, J,K) f o r  t h e  added 
p a i r s  a r e  s e t  t o  1.0, and t h e  IQ, JQ, and NQ lists a r e  
appropriately revised t o c  take  account of these addi t ions.  
I n  these  ca lcu la t ions  subroutine AXSECT assumes t h a t  t h e  
species  t o  be t e s t e d  a r e  s tored  i n  numerical order  i n  t h e  
I ar ray ,  and t h a t  NQ(LL) has been properly s e t  p r i o r  t o  
entrance i n t o  the  subroutine. 
After completing t h e  spec i f ica t ion  of t h e  neutral-  
n e u t r a l  c ross  sec t ions ,  t h e  code next  goes on t o , a d d  
da ta  specifying t h e  unspecified ion-ion cross  sec t ions  
to  t h e  edi ted  cross  sec t ion  data.  The t h r e e  s ta tments  
immediately preceding statement 430 e s t a b l i s h  a loca t ion  
i n  the edi ted  dz ta  f o r  t h e  i n s e r t i o n  of these  c ross  sec- 
t ions .  I f  t h e  last s t e p  NKQ i n  the  current  ve-:sion of 
t h e  d a t a  i s  no t  p resen t ly  being used i n  t h e  c ross  secti.cn 
computations, it i s  used f o r  t h e  cew dabs, while i f  it 
i s  being used, an add i t iona l  s t e p  i s  added t o  t h e  compu- 
t a t i o n s  a t  t h e  end of t h e  current  da ta  f o r  t h e  i n s e r t i o n  
of t h e  new data.  
The loop from statements 430 t o  480 adds da ta  f o r  com- 
put ing e f f e c t i v e  Coulomb cross  sec t i cns  I(100)  f o r  t h e  un- 
spec i f ied  ion-ion c o l l i s i o n s  t o  *e edi ted  c ross  sec t ion  
data.  The coding of t h i s  lori> i s  s e t  up t o  cause con t ro l  
t o  pass  through the  block of statements from 440 t o  460 
five t i m e s .  For t h e  case i n  which e lec t rons  are present  
(;XmC = l), the  values of t h e  indices  a t  each passage 
through t h i s  b10~Ji a r e  shorcn i n  Table III.* For each 
passage througl~ the  bloc]:, the loop ending a t  s t a t e -  
ment 450 s t o r e s  some of ';.he species  included 5.n t h e  
t r anspor t  property ca lcu la t ions  i n  the  a r ray  I, t h e  
e::act species  which a r e  chosen depending on the  values 
of t h e  i r d i c e s  f o r  t h a t  passago. Thus, r e f e r r i n g  t o  
Table .JII, t he  a r r a y  I c o n s i s t s  of a l l  s ingly  charged ions  
i n  t h e  t r a r s p o r t  ca lcu la t ions  f o r  the  f i r s t  passage 
through the  loop, a l l  s ing ly  charged ions  p lus  e l ec t rons  
f o r  t h e  second passage, and so  for th .  The c a l l  t o  XSECT 
following statemeilt 450 then f inds  a l l  p a i r s  of the  sgzc- 
i e s  i n  t h e  a r r a y  f o r  which cross  sec t ions  nave not  
been previously spec i f ied ,  and r e v i s e s  t h e  edi ted  cross  
sectioil  da ta  ro include these  ?air: In the  N K Q ~ ~  s t e p  
of the  computations. Af ter  re turn ing  t o  subroutine 
XSECT, t h e  code checks t o  see whether any w ~ s p e c i f i e b  
p a i r s  were a c t u a l l y  found by subroutine RYSECt i n  t h i s  
search, and, i f  tney  weze, suppl ies  values of t h e  
parameters KQ and V f o r  the  ste- which a r e  appropri- 
ate f o r  t h e  e f f e c t i v e  Coulomb p o t e n t i a l  I ( l 0 0 )  from 
t h e  p r e s e t  a r ray  V C ~ ~ V L ,  and then adds another new s t e p  
a t  t h e  end qf the  computations t o  presare  f o r  s torage  
of t h e  next  s e t  of c ross  sec t ion  data.  The number 
of e n t r i e s  N E W  i n  t h e  V a r ray ,  which was s e t  or ig i -  
n a l l y  i n  t h e  loop ending a t  statement 340, i s  a l s o  
revised t o  conform t o  the  r s w  data ,  Thus, t h e  f i r s t  
passage through statements 440 t o  460 s e t s  t h e  cross  
sec t ions  f o r  a l l  unspecified p a i r s  of singly-charged 
i o n s  t o  t h e  e f f e c t i v e  Coulomb c ross  sec t ions  given 
f o r  singly-charged ions  i n  equations I(100a) .  The 
*Note t h a t  f o r  IELEC = 0, a l l  species  a r e  assumed t o  
be n e u t r a l  so t h a t  a l l  t h e  unspecified cross  sec t ions  
were previously s e t  i n  t r e a t i n ?  the  neutral-neutral  
in terac t ions .  Thus, no c ross  sec t ions  remain t o  be 
-. . 
s e t  i n  t h e  present  loop and the  edi ted  cross  s e c t i ~ n  
d a t a  are accordingly unaffected ty t he  loop, indepen- 
dent  of the  values of t h e  indices .  
INDICES USED FOR CAKUL%TIOi? OF EFFECTIVE COULOMB 
CROSS SECTIOES IiS SZI'B=lOVUTINC XSECT 
b 
P~ssage  Species pairs 
numb~r for which I 
througi, Spe'ci'es i n  cross section data 
locp 5 KK JJ IE I z.:ray* are supplied* 
1 1 1 1 1' 1 ( 1 , l )  
2 1 A. 2 0 e, 1 ( e , e )  ( e , l )  1 
3 2 2 1 1 2 (2,2) 
4 2 1 1 1 (1,2)  
5 2 I. 2 o e, (e, 2) 
d 
*The notation = indicates electrons, 1 indicates s ingly 
charged ions, and 2 indicates doubly charged ions, 
second passage then sets t h e  c ross  sec t ions  f o r  a l l  un- 
spec i f ied  p a i r s  involving e i t h e r  singly-charged ions  o r  
e lec t rons ;  bu t ,  s ince  t h e  icn-ion cross  sec t ions  w e r e  
a l ready s e t  i n  t h e  previous passage, only electron-electron 
and electron-ion cross  sec t ions  are a c t u a l l y  set i n  t h i s  
passage. From equations I (100a) one sees  that t h e  effec-  
t i v e  Coulomb c ross  sec t ions  f o r  e lectron-electron and elec- 
. .
tron-ion c o l l i s i o n s  a r e  t h e  same ( f o r  s ing ly  charged ions) :  
so  t h a t  both types of c ross  sec t ions  can .3e set i n  a s i n g l e  
s t e p  of t h e  computations. Similar ly,  the  last three pas- 
sages through t h e  loop set the unspecified c ross  sec t ions  
involving doubly-charge2 ions t o  t h e  values indicated i n  
equations S (100a) , as shown i n  Table 111, Elus, when a l l  
f i v e  passages through t h e  loop have been completed, c ross  
sec t ions  w i l l  have been specif ied i n  the  edi ted  cross  sec- 
t i o n  d a t a  f o r  a l l  p a i r s  of  charged spec ies  t o  be included 
i n  the t r anspor t  ca lcula t ions ,  up through doubly ionized 
species. Further,  it should be  noted t h a t  t h e  last  s t e p  
NKQ in t h e  s d i t e d  da ta  a t  t h i s  s t age  of t h e  ca lcu la t ions  
w i l l  be  an empty pos i t ion  which i s  n o t  used i n  specifying 
the c ross  sec t ions  b u t  is ava i l ab le  f o r  t h e  addi t ion of  
f u r t h e r  data. 
The p r e s e t  coding of  subroutine XSECT does no t  pro- 
vide any d e f a u l t  opcion f o r  specifying t h e  c ross  sec t ions  
of ions which are t r i p l y  charged o r  higher. Thus t h .  -ec- 
t i o n  of code f o l l o ~ ~ i n j  statement 480 down through t h e  IF 
statement below statement 490 checks f o r  unspecified ion- 
i o n  c ross  sec t ions  f o r  spec ies  with higher than double ion- 
i za t ion ,  and, i f  any are found, terminates t h e  case. Other- 
wise, t h e  next  three statements below t h e  IF statement add 
- a l l  s o  far unspecified p a i r s  of spec ies  i n  t h e  t r anspor t  
property ca lcu la t i ans  t o  t h e  f i n a l  s t e p  l?KQ of t h e  c ross  
sec t ion  computati ons. Since a l l  neutra 1-neutral  and ion- 
ion  c ross  sec t ions  have previcusly been spec i f ie2 ,  the  
cross  sec t ions  added a t  t h i s  s t e p  a r e  necessar i ly  a l l  
neutral-ion c ross  sections.  If any such cross  sec t ions  
a r e  added, parameters a r e  then added t o  t h e  KQ and V a r rays  
t o  compute them from an inverse f i f t h  power p o t e n t i a l  
(KQ = 6 ) ,  using t h s  da ta  on t h e  magnitude of the  c ross  
s e c t i ~ n s  s tored  i n  t h e  a r ray  loca t ions  OMEGA1(996), ASTAR 
(996), and ~sTAR(996) i n  coriunon block/E~JIN~4/. For the  p r e s e t  
data used i n  tile. code, t h i s  r e s u l t s  i n  t h e  cross  sec t ions  f o r  
t h e  added p a i r s  being s e t  q u a i  t o  the  corresponding N-0' cross  
i 
sections.  On the  other  hand,if no unspecified neu t ra l  c ross  sec- 
t ions  a r e  found,these data a r e  not  added and the  value of NKQ is 
reduced by one t o  eliminate the  unused s t ep  a t  the  end of 
t he  cross  sect ion computations. 
The &ove ca lcula t ions  complete t h e  preparation of 
the  edi ted cross  sec t ion  data  i n  common block /TIclLYS7/. 
The number of s t eps  NKQ i n  the computations is now checked, 
and i f  it does no t  2xceed the maximum allowed by the  pro- 
gram dimensions (= = loo) ,  cont ro l  is returned t o  sub- 
rout ine TRANSP. Otherwise the case is  terminated by a 
t r a r ~ s f e r  t o  statement 540. 
In t h e i r  f i n a l  version, the edi ted  cross  sect ion da t a  
prepared by subroutine XSSCT specify the procedures t o  be 
used i n  computing a l l  of the cross  s3cLions required f o r  
the  t ranspor t  property calcxLations i n  a given case, and 
a r e  i n  a form su i t ab le  for later use by subroutine PUMm 
and i ts associated subroutines i n  t h e  ac tua l  computation of 
these cross  sect ions,  These da ta  a r e  i n  t h e i r  f i n a l  £om 
when contro l  re turns  fzom subroutine XSECT, and are not  al-  
tered by the code i n  the subsequent t r anspor t  property cal- 
culation-, u n t i l  XSECT is cal led  again t o  prepare a new set 
of ed i t& cross sec t ion  da ta  fo r  another case. 
4. GLOSSARY OF FORl'RAN SYMBOLS 
This s e c t i o n  p re sen t s  a complete g los sa ry  o f  Fo r t r an  
symbols f o r  t h e  NATA code. Symbols appearing i n  common 
are l i s t e d  f i r s t ,  followed by t h e  remaini.,g symbols i n  
i nd iv idua l  rou t ines .  The o rde r  i s  a s  follows: un l abe l l ed  
common, l a b e l l e d  common i n  alphanumeric o rder  of t h e  block 
names, main program, subrout ines  and func t ions  i n  alpha- 
numeric order.  The v a r i a b l e s  i n  each common block are 
l i s t e d  i n  the order  i n  which they appear i n  t h e  block. 
The non-common v a r i a b l e s  a r e  l i s t e d  i n  alphanumeric o rde r  
f o r  each rou t ine .  The mathematical no t a t i on  is as def ined  
i n  Volume I ( r e f .  1). The l i s t  f o r  un labe l led  common 
includes  some v a r i a b l e s  which a r e  equivalenced t o  v a r i a b l e s  
i n  un labe l led  common. 
4.1 Unlabelled Common 
AA(I,J) Matrix o f  c o e f f i c i e n t s  and cons tan ts  f o r  a 
system of  simultaneous l i n e a r  equat ions  
AAA(18 J) Equivalent  t o  AA (I, J) 
- 
CDIJ (I, J) Matrix o f  c o e f f i c i e n t s  V i-c, j f o r  express ing 
t h e  dependent spec i e s  i~ terms of t h e  c 
independent spec i e s  
CAPX (J) Mole f r a c t i o n  XJ f o r  t h e  J~~ spec i e s  
GJ (J) Species concent ra t ions  i n  moles per  gram of 
mixture; equivalenced to  CAPX (J) 
a ,  cons tan t  i n  t h e  densi ty-area  r e l a t i o n  
I(383) 
AFNTS E f f e c t i v e  a r ea  r a t i o  c a l c u l a t e d  f o r  equi l ibr ium 
flow i n  t h e  nonequilibrium s o l u t i o n  by t h e  
pe r tu rba t ion  method 
A FNX 
AMACH 
E f f e c t i v e  a r ea  r a t i o ,  A, 
Mach n u ~ b e r  
ARBA 
ARBB 











Indicator (initially 0) which is set to 1 
when d Ah xe/dx becomes positive downstream 
of the throat in the nonequilibrium solution 
by the inverse method. 
Maximum allowable number of tries at 
switching from \?pstream to downstream region 
in noaequilibrium solut! ~n 
Counter for number of times upstream-uownstream 
switching point is moved downstream 
boho# where bo is the covolume of the 
molecules in the high-density modification 
of the - equation of state and WO is the 
molecular weight of the undissociated gas. 
Constant C in density-area curvefit relation 
I(383) 
Effective area ratio at the beginning of 
the current integration step 
Nondimensional specific enthalpy, ~ W ~ R ~ T ~ ,  
where h = specific enthalpy, Wo = reservoir 
molecular weight, RO = universal gas 
constant, TO = reservoir temperature 
Nondimens ional specific enthalpy in the 
reservoir 
0 ln T, where T = temperature in K 
Molecular weight of gas mixture, W ( g/mole) 
Molecular weight in reservoir, Wo ( g /mole) 
Rot universal gas constant (1.9872 cal/mole 
OK) 
ROTO, w k  re Tg = reservoir temperature (OK) 










c x r - ~  
DATEST 
DBTEST 
Dummy var iable  fo r  entropy 
0.5 & (wO/R T ) , where Wo i s  t h e  reservoi r  0.0 
molecular welght (g /mole) ,  Ro t h e  universa l  
gas constant ,  and To t h e  r e se rvo i r  tempera- 
t u r e  (OK) 
Ratio of t h e  temperature t o  t h e  reservoi r  
temperature, T/TO 
Reservoir temperature, To (OK) 
Dummy var iable  f o r  CT 
Dummy var iable  f o r  CT 
Ratio of th roa t  temperature t o  r e se rvo i r  
temperature 
Temperature f o r  switching from thermo-fit t o  
physical  model f o r  species  proper t ies ,  
divided by rese rvo i r  temperature 
Temperature i n  OK 
CT a t  t h e  l a s t  pr inted s t e p  of t h e  non- 
equilibrium so lu t ion  
Streamwise coordinate x(cm), zero a t  t h e  
t h r o a t  and pos i t ive  downstream 
M a t  th beginning of t h e  current  in teg ra t ion  
s t e p  
Maxir~~um allowabie value of x ( m )  
Value of e f f e c t i v e  a rea  r a t i o  a t  which 
nonequilibrium solu t ion  is switched from 









Nondimensional temperature decrement used in 
frozen and equilibrium solutions 
(Not used) 
Increment in x (cm) 
d .h ( p / ~  0) /dx. logarithmic derivative of 
nondimsnsional density 
dmS&bX, gradient of nondimens ional tempera- 
ture 
Intermediate variable used in frozen flow 
solution 
Nondimens ional mass flux, (p/fO) u / w 0  
6 (T/T~ ) , perturbation in nondimens ional 
temperature 
Tolerance on C X when testing size of &Xi 
Nondimensional pressure. p/po . 
Reservoir pressure po (atm) 
  on dimensional pressure at the preceding flow 
point; used in Mach number calculation 
Nondimensional pressbre at throat 
Perturbation in nondimensional density, 




R m H  
R ~ R A  






Nondimensional density, p/f 0 
RH$ at the precedicg flow point; used in 
Mach number calculation 
Effective density in high-density equation of 
state divided by effective reservoir density 
(Not used) 
Density 13 in gm/cm3 
Nondimensional density at throat, p / 
* Po 
Effective density in reservoir, T o  k~m/cm~) 
Change in nondimensional temperature in 
integration interval 
Entropy in cal/g OK 
Factor by which integration interval is 
increased 
Characteristic length,R , now set at 1 cm 
1/5, where F is the conversion factor from 
calories to ergs 
Nondimensional mass flux at the throat, 
RHTH* (SU ) * 














Convergence c r i t e r i o n  va lue  f o r  Newton- 
Raphson i t e r a t i o n s  i n  c a l c u l a t i o n s  of 
thermochemical equ i l ib r ium 
Tolerance allowed i n  l oca t ing  temperature a t  
t h r o a t  f o r  f rozen and zqui l ibr ium flow 
Nondimensional temperature i n t e r v a l  a t  which 
r e s u l t s  of  nonequilibrium c a l c u l a t i o n  are t o  
b e  p r i n t e d  
Minimum va lue  of  nondimensional temperature 
d e s i r e d  i n  s o l u t i o n  
(Not used) 
Natural  log o f  nondimensional p re s su re  
Natural  log of  r e s e r v o i r  p ressure  i n  atm 
-1 4- Y *  i-c 
Tempcrary s to rage  a r ea  f o r  boundary l a y e r  
p r c p e r t i e s  a t  t h e  switch po in t  from t h e  
upstream t o  downstream s o l u t i o n s  
Ai, cons tan t  f a c t o r  i n  r e a c t i o n  rate formula 
Number of gram atoms o f  t h e  chemical 
element per  mole of t h e  co ld  gas;  equivalenced 
t o  BLBK(1) 
Xj,, mole f r a c t i o n  of J~~ spec ies  a t  t h r c a t  
Temporary s to rage  used i!. c a l c u l a t i o n  of 
spec i e s  molecular weights: equivalenced t o  
CAPXTH (J) 
CCP J ( J )  
CEACT ( I )  
CGI (I) 




CLNPI ( I )  
CMW (1) 
D G J  (J) 
ETAI ( I )  
ETAJ (J) 
GJA ( J )  
Molar hea t  capac i ty  of  t h e  J~~ spec i e s  
d iv ided  by RO 
Act iva t ion  energy f o r  ith r e a c t i o n  (cal/mole 
OK) 
Species  molecular weights (g/mole) 
I n  Xi, logari thms o f  mole f r a c t i o n s  
X i ,  v a r i a b l e  measuring t h e  depar ture  of  t h e  
i t h  r e a c t i o n  from equi l ibr ium,  eq. I (289)  
In te rmedia te  v a r i a b l e s  i n  computation o f  
equ i l ib r ium cons tan t  based on mole fractions 
b ( 1  - Xi) 
Rn P i ,  v a r i a b l e s  i n  nonequilibrium s o l u t i o n  
Atomic weights o f  elements (g/mole) 
d Y j/dx; equivalenced t o  GJA (J) 
'I iR temperature exponent i n  r a t e  cons tan t  
f o r  i t h  r e a c t i o n  
n j, number o f  atoms i n  a molecule of t h e  J~~ 
spec i e s ;  0 value i n d i c a t e s  no phys ica l  model 
d a t a  f o r  thermal  p r o p e r t i e s  
7 j o t  concent ra t ion  of  jth spec i e s  i n  
r e s e r v o i r  
GJB ( J )  GJ(J)  a t  t h e  beginning o f  t h e  cu r r en t  
i n t e g r a t i o n  s t e p  
PERTGJ (3) 6 Y j  , pe r tu rba t ions  i n  spec i e s  concent ra t ions  
PGJ ( J )  Intermediate  v a r i a b l e s  i n  Newton-Raphson 







S E W  (J) 
SHJ ( J) 
SHJA (J) 
SHJAP (J) 
SKIL (I ) 
TFA (J) 
Variables Pi in nonequilibrium solution, 
eq. I(288) 
Number of moles q of the jth independent 
species in one mo 1 e of 'mixture 
1 if a third-body list is provided for the 
reaction, 0 if not 
bj + (1.5 + n - )  .! To, constant in physical- 3 
model expression for pjo 
b., eqs. (51) , Vol. I; equivalenced to 
S ~ J  ( )
$ X i0 perturbation in 2 i 
Change in Yj over an integration step 
Nondimensional species entropy, s 
Nondimensional species enthalpy, H ~ / R ~ T ~  
Nondimensional format ion enthalpy of j th 
species # H ~ ~ / R ~ T ~  
Formation enthalpy of J~~ species, cal/mole 
Intermediate variable in calculation of 
depender.t species concentrations from 
concentrations of independent species 
fn 7 .  , logarithms of reservoir species 
concea?rations 
Temporary storage for quantities necessary 
to restart a step in the nanequilibrium 
calculation 
a coefficient in thermo-fit expressions 1 for Hj and 
r1° 
TFB (J) bj, coefficient in thermo-fit expressions for 
Hj and pjo 
TFC (J) cj, coefficient in thermo-fit expressions for 
H. and J rjO 
TFD (J) dj, coefficient in thermo-fit expressions for 
Hj and pjo 
'- TFE (J) e coefficient in thermo-fit expressions for j ' H. and 3 p jO" 
TFK ( J) k j. coefficient in thermo-fit expressions f ~ r  
H. and J vj0 
THlEV (J) Nondimensional characteristic vibrational 
temperature, €3vj/~o 
THEVP (J) Characteristic vibrational temperature for 
J~~ species, Bvj ( C ~ )  
XM SAT (J) j0/R0T 
XNUI (I) Vi= cj Vi .,sum of stoichiometric coefficients 
on the reaczant side of the ith reaction 
BETA (I, J) - pi, - ,/Iij - Vij 
BTA (I, J) Eq~&vzlenced .* to BETA (I, J) ; not used 
ELJ(L, J) Nondimensional energy of L~~ electronic 
level of Jth species, El j/~oTo 
GEL J (L , J) Degeneracy of L~~ electronic level of J~~ 
species, j 
XNUI J (I, J) Yi j. stoich~ometric cooff icient of J th 
species on reactant side of ith reaction 
XNUIJP (I, J) Vi I ,  stoichiometric coefficient of jth 
speAies on product side of ith reaction 









Index o f  t h e  f i r s t  s p e c i e s  i n  t h e  e q u i l i b r i u m  
flow c a l c u l a t i o n ,  incrementcd when e l e c t r o n s  
a r e  dropped from c a l c u l a t i o n  
I n d i c a t o r  ( i n i t i a l l y  O ) ,  reset t o  1 when 
numer ica l  i n t e g r a t i o n  o f  nonequi l ibr ium 
s o l u t i o n  i s  begun 
I n d i c a t o r  f o r  s e l e c t i n g  whether e q u i l i b r i u m  
( u )  o r  f r o z e n  (1) v i b r a 5 i o n a l  model is  t o  
be used 
(Not used)  
Run number f o r  i d e n t i f i c a t i o n  
Number of  elements  i n  mixture  ( i n c l u d i n g  t h e  
e l e c t r o n ,  i f  i o n i z e d  s p e c i e s  a r e  inc luded)  
Number o f  s p e c i c s  minus number o f  e l e q e n t s  
(n-c) 
1 SMCNR Cur ren t  v a l u e  o f  (n-c) i n  e q u i l i b r i u m  flow 
c a l c u l a t i o n  (dec reased  by I C  when e l e c t r o n s  
a r e  dropped from t h e  c a l c u l a t i o n )  
ISR r ,  number o f  r e a c t i o n s  
ISS n ,  number o f  s p e c i e s  
ISSNR c u r r e n t  v a l u e  of n  i n  e q u i l i b r i u m  flow 
c a l c u l a t i o n  (dec reased  by I C  when .e lec t rons  
a r e  dropped from c a l c u l a t i o n )  
ISWGB 
Input  c o n t r o l  v a r i a b l e ;  0 suppresses  f rozen  
s o l u t i o n  
Inpu t  c o n t r o l  v a r i a t l e ;  nonzero va lue  g i v e s  
e d i t s  of  t r a n s p o r t  c r o s s  s e c t i o n  c a l c u l a t i o n s  
Inpu t  c o n t r o l  v a r i a b l e ;  0 suppresses  non- 
e q u i l i b r i u m  s o l u t i o n  
I n p u t  c o n t r o l  v a r i a b l e ;  s e l e c t s  types  o f  
i n p u t  d a t a  f o r  reser::oir c a l c u l a t i o n  
I n p u t  c o n t r o l  v a r i a b l e ;  0 suppresses  
e q u i l i b r i u m  s o l u t i o n  
Inpu t  c o n t r o l  v a r i a b l e ;  0 suppresses  boundary 
l a y e r  c d l c u l a t i o n s  
I n p u t  c o n t r o l  v a r i a b l e ;  must be nonzero ?.f 
a n o t h e r  c a s e  fo l lows ,  0 f o r  l a s t  c a s e  
I n p u t  c o n t i 0 1  v a r i a b l e ;  nc,nzei.-o g i v e s  dump 
i n  boundary l a y e r  r o u t i n e  BLAYSR 
Inpu t  c c n t r o l  v a r i a b l e ;  nonzero g i v e s  dnmp 
t r a c i n g  +-he execu t ion  of  s u b r o u t i n e  QESTMP, 
which computes the  r e s z r v o i r  t e m p e r a h r e  f r ~ r , ;  
mass f low and r e s e r v o i r  p r e s s u r e  o r  
s t a g n a t i o n  en tha lpy  
InpuL c o n t r o l  v a r i a b l e .  nonzero g i v e s  dump 
i n  s u b r o u t i n e s  EXACT, COMM, NONEQ and PRTA 
f o r  debugging nonequi l ibr ium c a l c u l a t i o n s  
I n p u t  c o n t r o l  v a r i a b l e ;  i f  p o s i t i v e ,  on ly  
t h e  r e s e r v o i r  e q u i l i b r i u m  c a l c u l a t i o n  i s  
done; i f  n e g a t i v e ,  e d i t  of  s p e c i e s  thermal  
p r o p e r t i e s  is produced 
I n p u t  c o n t r o l  v a r i a b l e ;  0 suppresses  t h e  
o u t p u t  of  s p e c i e s  mole f r a c t i o n s  i n  t h e  
Zree-stream and model-point o u t p u t  
Ind ica to r  ( i n i t i a l l y  l) ,  reset t o  0 when 
switch from inverse  method t o  direct 
i n t e g r a t i o n  is nade i n  nouequilibrium 
s o l u t i o n  
IUPD 
0 (set i n  READ) IZERQ/ 
JJK I n d i c a t o r  ( i n i t i a l l y  0 ) .  i-eset t o  1 i n  
NEWRAP when e l e c t r o n s  are dropped from t h e  
equi l ibr ium c a l c u l a t i o n  
(Not used) 
Index equa l  t o  c+l 
I n d i c a t o r .  0 i f  tkermo f i t  d a t a  are not  used 
f o r  any spec ies  
Counter f o r  number of  i t e r a t i o n s  i n  Newton- 
Raphson procedure 
NIT 
I n t e g r a t i o n  s t e p  counter  NNN 
NNS Number o f  times A x  has been increased by 
c u r r e n t  va lue  of  SC 
N u m b e r  o f  succes s fu l  i n t e g r a t i o n  s t e p s  




Number of i t e r a t i o n s  allowed i n  Newton- 
Raphson procedure 
Ind ica to r ;  1 i f  thermo-fit  d a t a  a r e  used f o r  
J~~ species .  0 i f  not  
Number of  e l e c t r o n i c  1-evels f o r  the J~~ 
spec i e s  
IGM (J) 
ITB (I) Temporary s to rage  £br ind ices  necessary t o  
r e s t a r t  s t e p  i n  noncquilibxium c a l c u l a t i o n  
KUR(I,J) U i j 8  t h i r d  body mat r ix  
LPIJ(P,J) aij, number o f  atoms o f  I Jth chemical 
element i n  a molecule o f  t i t -  Ith spec i e s  
AC@M (1) H o l l e r i t h  d e s c r i p t i o n  f o r  case 
EUENT (I) Chemical symbols f o r  elements (Ho l l e r i t h )  
HIJ (1) Symbols f o r  spec i e s  (Ho l l e r i t h )  
4.2 Conunon /AEGEP(M/ 
SQRTA 
S1 
Square roo t  o f  t h e  geometric a r e a  r a t i o  
Geometric a r e a  ratio ( r e s ~ t  t c  t h e  e f f e c t i v e  
area r a t i o  i n  AESOLN) 
Der iva t ive  of geometric area r a t i o  (reset 
t o  d e r i v a t i v e  of  t h e  e f f e c t i v e  area ra t io  
i n  AESOLN) 
4.3 Common /AREA/ 
ATPI ( J ,  I) Downstream boundary o f  t h e  J~~ s e c t i o n  i n  
+he Ith p r o f i k  (cm from t h e  t h r o a t ,  
p o s i t i v e  downstream) * 
PARAM(L,J,I) For L = 1 to  3, t h e  p r a m e t e r  values  f o r  t h e  
J~~ s e c t i o n  i n  t h e  I t h  p r o f i l e .  .See Sec. 
4.3 of Volume I . 
RTHCM ( I )  Throat  i a d i u s  (cm) f o r  t h e  p r o f i l e  
NSECT ( I )  Number of s e c t i o n s  i n  t h e  p r o f i l e  
NSECTU ( I )  Number o f  upstream s e c t i o n s  i n  t h e  Ith p r o f i l e  
IEWPE(3, I) Shape index f o r  J~~ s e c t i o n  i n  t h e  Ith p r o f i l e  








Index of xth p r o f i l e  i n  Lhe precoded data;  
NPROFL(1) i s  equivalent t o  NOZZLE. 
Number of p r o f i l e s  (1 f o r  a nozzle, 2 f o r  a 
channel) 
Index (1 o r  2) of t h e  p r o f i l e  which diverges 
from t h e  chanrlel a x i s  l e a s t  rap id ly  down- 
stream of  the  t h r o a t  
4.4 Common /AVG/ 
Parameter cont ro l l ing  t h e  averaging d is tance  
f o r  t h e  boundary l aye r  co r re la t ion  parameter, 
n 
4.5 cornmoll /BL/ 
Displacement thickness of t h e  boundary layer  
on t h e  L~~ p r o f i l e  divided by RO. For two- 
dimensional and axisymmetric nozzles, only 
DELBL(1) is used, 
I n t e g r a l  I f o r  t h e  boundary l aye r  on t h e  L~~ 
p ro f i l e ,  eq. I(172) 
Pos i t ion  a t  which boundary l aye r  is assumed 
t o  begin (negative value, cm from t h e  t h r o a t )  
Nozzle wal l  temperature (OK) 
Spec i f i c  heat  of  t h e  gas a t  t h e  w a l l  tempera- 
t u r e  (ca L/g OK) 
Ratio of v i scos i ty  i n  t h e  reservoi r  t o  the  
r e se rvo i r  temperature ( p o i s e p ~ )  
Throat diameter f o r  t h e  L~~ p ro f i l e  (inches) 
S, = (hw/ho)-1, where hw i s  t h e  gas en t l~a lpy  
a t  t h e  wal l  and ho tLe free-stream 
stagnat ion e n t h a l p -  
J D I M  
IP$INT 
C h a r a c t e r i s t i c  length used i n  boundary 
l aye r  c a l c u l a t i o n s  (cm); equa l  t o  t h e  t h r o a t  
r ad ius  f o r  two-dimensional and axisyrnmetric 
nozzles ;  equa l  t o  J A ; / ~  f o r  channels,  
where A'* is  t h e  geometric c ros s  s e c t i o n a l  
a r e a  o f  t h e  channel a t  t h e  t h r o a t  
Dimensionality index, 0 for two-dimensional 
nozzles ,  1 f o r  axisymrnetric nozzles 
Index o f  flow sol .ut ion po in t s  a t  which 
boundary l a y e r  c a l c u l a t i o n s  a r e  done 
4.6 Common /BLNE/ 
X I  (1) For 5 = 1 and 2 ,  t h e  streamwise coordinate  
a long t h e  nozzle o r  channel s u r f a c e  f o r  t h e  
p r o f i l e  (on) 
J~RDINP (1 The q u a n t i t y  a f o r  t h e  boundary l a y e r  
on t h e  Ith p r o f i l e  a t  t h e  preceding flow 
po in t ,  eq, I (171)  
DELBLP (I) A*/R3 f o r  t h e  boundary l a y e r  on t h e  1 t h  
p r o f i l e  a t  t h e  preceding flow p o i ~ t  
DDBLP ( I )  (d s*/dx)/RO f o r  t h e  boundary l a y e r  on t h e  
p r o f i l e  a t  t h e  preceding flow poin t  
AMPP Mach number a t  t h e  po in t  preceding t h e  
previous flow poin t  
AMP Mach number a t  t h e  preceding flow poin t  
C ~ P L D  Logical  v a r i a b l e ,  set t o  .TRUE. when t h e  
coupling of t h e  boundary l a y e r  t o  t h e  
i n v i s c i d  flow is  switched on 
ISMD The quan t i t y  (30-i) i n  eq. I (418)  
REPF 








4.7 Common /BLOUT/ 
Reynolds number p e r  f o o t  ( f  t - l )  
Momentum t h i c k n e s s  f o r  t h e  boundary l z y e r  
o n  t h e  Lth p r o f i l e ,  d i v i d e d  by RO 
C o r r e l a t i o n  parameter  n,  eqs, I ( 1 5 8 )  and 
I (174) , f o r  t h e  boundary l a y e r  on t h e  L~~ 
p r o f i l e  
Averaged c o r r e l a t i o n  parameter  n, eq. I ( 2 1 7 ) ,  
f o r  t h e  boundary l a y e r  on t h e  Lth p r o f i l e  
P r a n d t l  number a t  t h e  r e f e r e n c e  t empera tu re  
Recovery e n t h a l p y  (ca l /g )  
Heat f l u x  t o  t h e  w a l l  s u r f a c e  w i t h  t h e  Lth 
2 p r o f i l e  ( ~ t u / f t  sec) 
Shear  stress on t h e  w a l l  s u r f a c e  w l t h  t h e  
L~~ p r o f i l e  ( l b - f / f t 2 )  
4.8 Common / B L R A D ~  
Product  o f  t h e  t w o  t h r o a t  r a d i i  f o r  a channel  
( an2 
4.9 Common /CERR@R/ 
L o g i c a l  v a r i a b l e ,  set t o  ,TRUE. when a  
convergence tes t  on an  i n t e g r a t i o n  s t e p  is 
f a i l e d  i n ' s u b r o u t i n e  DERIVS o r  RNKT 
4.10 Common /CHAN/ 
S p e c i f i c a t i o n s  f o r  s t a n d a r d  channe l  no. 1: 
I = 1 Index of  f i r s t  channel  p r o f i l e  i n  
compiled-in l i s t  of  p r o f i l e s  
CP2 (I) 
CP3 (I) 
CP4 ( I )  
CPS(1) 
QPJ ( J) 
IJCS (J) 
NCS 
I = 2 Index of  second channel p r o f i l e  i n  
compiled-in l is t  of  p r o f i l e s  
I = 3 H o l l e r i t h  name f o r  channel  
I = 4 Index (1 o r  2) of  t h e  p r o f i l e  which 
d iverges  from t h e  channel  a x i s  l e a s t  
r a p i d l y  downstream o f  t h e  t h r o a t  
I = 5 H o l l e r i t h  na1L.e f o r  f a c i l i t y  
Spec i f i ca t ions  f o r  s tandard  channel no. 2 
Spec i f i ca t ions  f o r  s tandard  channel no. 3 
Spec i f i ca t ions  f o r  s tandard  channel no. 4 
Spec i f i ca t ions  f o r  s tandard  channel  no. 5 
4.11 Common / C ~ D S P /  
Molecular weight of t h e  co ld  gas  mir-ture 
( g/mo le 
Mole f r a c t i o n  o f  t h e  J~~ spec i e s  i n  t h e  cold  
gas  mixture 
Index o f  t h e  J~~ co ld  spec i e s  i n  t h e  l i s t  of 
speci.es f o r  t h e  cu r r en t  problem 
Number of  cold  spec ies  
4.12 Common /CONVRT/ 
Conversion f a c t o r  from nondimensional 
temperature CT t o  temperature i n  OK 
Conversion f a c t o r  from nondimensional 
p ressure  PRES t o  p ressure  i n  atm 
Conversion f a c t o r  from nondimensional 
dens i ty  RH@ t o  dens i ty  ir. lbm/ft 3 
S H J D G J  
EEP1 (J) 
EEPlO (J) 
Conversion f a c t o r  from nondimensional v e l o c i t y  
S U  t o  \ re loc i ty  i n  ft/sec 
Conveixion f a c t o r s  equa l  t o  1 
Conver s~c~n  f a c t o r  from v i s c o s i t y  i n  po ise  
t o  v 'sccsi ty i n  lbm/ft sec 
Co:>sersion f a c t o r  equa l  t o  1 
Conversion f a c t o r  from length  i n  c m  t o  l eng th  
i n  inches 
Conversion f a c t o r  from nondimensional 
enthalpy CH t o  enthalpy i n  ~ t u / l b m  
Conversion f a c t o r  equa l  t o  1 
Conversion f a c t o r s   fro^ nondimensional 
boundary l a y e r  th icknesses  DELBL and THETA 
t o  th icknesses  i n  inches 
Conversion f a c t o r s  equa l  t o  1 
4.13 Common /DRV/ 
( R ~ T ~ )  -' C H. d Y./dx, where H j  is t h e  molar 
enthalpy of  t i e  j t b  spec i e s  and 7 -  is t h e  3 
concent ra t ion  of t h e  j t h  spec i e s  i n  moles 
pe r  gram o f  mixture ( s e t  i n  subrout ine  EXACT) 
4.14 Common /EELEM/ 
Data f o r  f i r s t  input-defined element 
J = 1 Atomic number 
J = 2 Atomic weight (g/mole) 
Data f o r  t e n t h  input-defined element 
J = 1 Atomic number 
J = 2 Atomic weight (g/mole) 
EP1 (I) 
EP2 (I) 
4.15 Common /ELEM/ 
S p e c i f i c a t i o n s  f o r  s tandard  chemical element 
no, 1: 
EPl(1)  H o l l e r i t h  name 
E P ~  ( 2 ) Atomic weight (g/mole) 
S p e c i f i c a t i o n s  f o r  s tandard  chemical element 
no. 2 
. 
EP1O (I) Spec i f i ca t ions  f o r  s tandard  chemical element 
no, 10 
4.16 Common /EQC/ 
This block is  used by subrout ine  EQCALC t o  communicate 
t h e  r e s u l t s  of  i t s  thennochemical equi l ibr ium c a l c u l a t i o n s  
t o  t h e  c a l l i n g  rout ine .  
ZCAP (J) Mole f r a c t i o n  X of J t h  spec i e s  j 
ZSEN ~ n t r o ~ y  (cal /g  OK) 
ZCH Nondimensional molar enthalpy,  ( R ~ T ~ )  -1 X. H 
I j 
ZCM Mean molecular  weight 
ZRBP E f f e c t i v e  dens i ty  (&) i n  r e s e r v o i r  f o r  
imperfect-gas modei 
zRH@ Nondimensional dens i ty ,  p/Pg 
4.17 Common /EQC2/ 
ZPZ In (p/pO) , logari thm of  t h e  nondimensional 
p ressure  
ZGMU(I) Rn Xi, logari thm o f  t h e  mole f r a c t i o n  for. t h e  
I t h  chemical spec i e s  
ERR 
4.18 Common /ERROR/ 
Logical  f l a g  s e t  t o  " t rud"  i n  DUMP rou t ine ;  
i f  " t r u e " ,  c o n t r o l  i s  passed back t o  Main 
program, DUMPEX i s  c a l l e d  t o  p r i n t  a dump 
o f  common d a t a ,  and case  i s  terminated 
N@REAC ( I Logical  c o n t r o l  va r i ab l e s ;  t hen  N@REAC(I) i s  
set t o  .TRUE., t h e  r e a c t i o n  is suppressed 
4 -20  Common /IKGNE/ 
- 
A I N  (K, I) The inverse  Aki of t h e  square  submatrix 
Wi j  o f  t h e  matr ix  a .  spec i fy ing  t h e  number of 
atoms o f  t h e  jth'!lement pe r  molecule of t h e  
ith spec i e s ;  s e e  eq. I ( 3 )  
4.21 Common AN/ 
I S A T ~ M  Index o f  atom used i n  Lewis number c a l c u l a t i o n ,  
i n  master l i s t  o f  spec i e s  
ISM& Index of  molecule used i n  Lewis number 
c a l c u l a t i o n ,  i n  master  l i s t  of spec i e s  
J A T ~ X  Index o f  atom used i n  Lewis number calcu-  
l a t i o n ,  i n  l i s t  of spec i e s  f o r  c u r r e n t  
problem 
J M ~ L  Index of  moleculc used i n  Lewis number calcu- 
l a t i o n ,  i n  l i s t  of spec i e s  f o r  cu r r en t  
problem 
4.22 Common /MASSFL/ 
SMASS Sonic mass f l u x  based on t o t a l  mass flow and 
2 geometric t h r o a t  a r ea  (g/cm sec) 
CTMXXI Temperature (OK) above which spec i e s  thermal 
p r o p e r t i e s  are computed from t h e  thermo f i t  
f o r  those  spec i e s  f o r  which thermo f i t s  arc 
suppl ied  
. i 
.. : T S T ~ P I  Free-stream temperature a t  which t h e  flovi 
s o l u t i o n s  w i l l  be terminated (OK) 
1s (J) Index of t h e  J t h  spec i e s  i n  t h e  c u r r e n t  
problem, i n  t h e  master  l i s t  o f  spec i e s  
4.23 Common /MIXT/ 
- G P ~ ( I )  Spec i f i ca t ions  o f  s tandard  gas  mixture no. 1: 
I = 1  H o l l e r i t h  name of  mixture 
I = 2  Number o f  chan ica l  elements i n  
mixture,  including e' i f  t h e  gas  
model con ta ins  ion  spec i e s  
I = 3  Number o f  chemical spec i e s  i n  
mixture , including e' i f  model 
con ta ins  ion  spec ies  
1 = 4  Number o f  r e a c t i o n s  included i n  
gas  rnndel 
1 = 5  Number of  ions  i n  gas  model, 
excluding e- 
I = 6-15 Ind ices  o f  elements p resen t  i n  
mixture,  i n  master l i s t  o f  
elements; i f  e l e c t r o n s  a r e  
p resen t ,  they  a r e  t h e  f i r s t  
element 
I = 16-25 . Mole f r a c t i o n s  (QPJ) of  t h e  co ld  
speci e s  
I = 26-45 Ind ices  of t h e  spec i e s  included 
i n  t h e  gas  model, i n  t h e  master  
l i s t  o f  spec i e s  
I = 46-109 Ind ices  of t h e  r e a c t i o n s  included 
i n  t h e  model, i n  t h c  master l i s t  






I = 110-119 I n d i c e s  o f  t h e  c o l d  s p e c i e s ,  i n  
t h e  master  l i s t  of  s p e c i e s  
I = 1 2 0  Number o f  c o l d  s p e c i e s  
I = 1 2 1  Atom index f o r  Lewis number 
c a l c u l a t i o n s ,  i n  t h e  master  l i s t  
o f  s p e c i e s  
I = 122 Molecule index f o r  Lewis number 
c a l c u l a t i o n s ,  i n  t h e  master  
l i s t  o f  s p e c i e s  
I = 123 INT. I f  INT = 0,  e l e c t r o n  
t empera tu re  e q u a l s  gas  tempera- 
t u r e .  I f  I N T  > 0 ,  t h e  model 
i n c l u d e s  e l e c t r o n i c  nonequi l ibr ium,  
and INT is  t h e  index o f  t h e  
e x t r a  r e a c t i o n   roperti ties r e q u i r e d  
i n  TNEP(I,INT) 
I = 124 I n d i c a t o r  f o r  i n c l a s i o n  (1) o r  
e x c l u s i o n  ( 2 )  o f  Fay-Riddel l  
Lewis number f a c t o r  i n  t h e  
s t a g n a t i o n - p o i n t  h e a t  f l u x  
S p e c i f i c a t i o n s  o f  s t a n d a r d  gas  mix tu re  no. 2  
S p e c i f i c a t i o n s  o f  s t a n d a r d  gas  mixture  na. 6  
4.24 Common /MODPAR/ 
I n i t i a l  d i s t a n c e  from t h r o a t  a t  which model 
c o n d i t i o n  c a l c u l a t i o n s  a r e  t o  be done ( c m )  
(Not used)  
Cont ro l  v a r i a b l e ;  0. v a l u e  suppresses  f rozen  
shock c a l c u l a t i o n s  a t  model p o i n t s ,  n e g a t i v e  
value suppresses  e q u i l i b r i u m  shock 
D X M ~ D P  
TPLATE 
KDIM 
C a t a l y t i c  eff i .c iency parameter a f o r  
1 ens ; s t agna t ion  point  hea t  f lux  cal-culatL 
0 f o r  nonca t a ly t i c  w a l l  
Model wal l  temperature f o r  s t agna t ion  point  
hea t  flux ca l cu l a t i ons  (OK) 
I n i t i a l  d i s t a n c e  from t h e  t h r o a t  a t  which 
model condi t ion  cal .culat ions a r e  t o  be done 
( inches) 
(Not used) 
Wall temperature f o r  c a l c u l a t i o n s  of  hea t  
f l u x  t o  a f l a t  p l a t e  a t  ze ro  angle  o f  a t t a c k  
( OK) 
Control  v a r i a b l e  f o r  s t agna t ion  po in t  h e a t  
f l u x  c a l c u l a t i o n s ;  0 f o r  two-dimensional 
model geometry, 1 f o r  axisynmetr ic  model 
TSDIAM (I) Tast-sect ion diameters a t  which model 
condi t ion  c ? l c u l a t i o n s  a r e  t o  be done ( inches ) ;  
i n  channel LLOW problems, specif4ed charinel 




Geometric a r ea  r a t i o s  a t  t h e  nozzle s t a t i o n s  
def ined  by TSDIAM(1) 
Number of. s p e c i f i e d  test  s e c t i o n  diameters 
I n  channel flow problems, index of t h e  
p r o f i l e  de f in ing  t h e  channel width 
4.26 Common /M@DP~/ 
Logica l  i n d i c a t o r ,  .TRUE. when t h e  c u r r e n t  
s t e p  i n  t h e  nonequilibrium s o l u t i o n  is a t  a  
model po in t  
4.27 Common /NEQ/ - 
@mST (L) 1 - &*/RO f o r  t h e  Lth p r o f i l e  a t  t h e  son ic  
point  
DDELBL (L) (d 8*/ds) /RO , d e r i v a t i v e  of nondimens i o n a l  
displacement th ickness  f o r  t h e  boundary f ayer  
on t h e  Lth p r o f i l e  
4 .28 Common /NEWMP/ 
FACMP Fac tor  by which di s t ance  from t h r o a t  i s  
increased  i n  a  geometric sequence o f  model 
po in t s  
Z P l  (i) 
Number o f  model po in t s  i n  geometric sequence 
4.29 Common /N@ZZ/ 
Spec i f i ca t ions  of s tandard  nozzle p r o f i l e  no. 1: 
I = 1  Throat r ad ius  i n  cm 
I = 2  Distance upstream of t h e  t h r o z t  
of t h e  point  a t  which t h e  bounda~; 
l a y e r  i s  assumed t o  o r i g i n a t e  
(nega t ive  value,  cm) 
1 = 3  Number of p r o f i l e  s e c t i o n s  upstream 
of t h e  t h r o a t  
1 = 4  NwnSer of ? r o f i l e  s e c t i o n s  down- 
stream o f  t h e  t h r o a t  
1 = 5-16 Shape ind ices  ( ISHAPE)  of t h z  
p r o f i l e  s e c t i o n s  ( i n  o rder  from 
upstream t o  downstream): 
ISHAPE = 1 S t r a i g h t  s s c t i o u  
ISEIAPE = 2 C i r cu l a r  ~ e c t i . 2 ~  r10nve:< 
toward a x i s  
ISIIAYE - 3 C i r c u l a r  s e c t i o n  concave 
t ~ w a r d  a x i s  
I = '-7-27 Downstream boundal-ics o f  p r o f i l e  
s e c t i o n s  (d l  s t a n c e s  from t h e  t h r o a t ,  
p o s i t i v e  downstream, cm) 
I = 28-63 Parameters  d e f i n i n g  the p r o f i l e  
s e c t i o n s  ( l e n g t h s  i n  c m )  . * There 
a r e  t h r e e  parameter  values PI, P 2 ,  
P3 f o r  each p r o f i l e .  For  ISI-IAPE = 
1, the e q u a t i o n  ~f a s t r a i g h L  
p r o f i l e  1 s  
For  ISHAPE = 2 o r  3  
Pl = d i ~ t a n c ?  o f  c i r c l e  c e n t e r  
frorn a x i s  
P2 = x-coordinate  o f  c i r c l e  c e n t e r  
P3 - circle radj-us 
I = 64 H o l l e r i t h  f a c i l i t y  name 
S p e c i f i c a t i o n s  o f  s t a n d a r d  p r o f i l e  no. 2 
. . 
Zp20 ( I )  S p e c i f i c a t i o n s  o f  s t a n d a r d  p r o f i l e  no. 20 
4.30 Common /@IJIM@D/ 
N 0 , where No i s  Avoc~adro's number (6.0225 x 
1829 p a r t i c l e s  p e r  crole) and p is t h e  
d e n s i t y  i n  t h e  r e s e r v o i r  i n  g /cm3. 
*See S e c t i o n  4.7 of VolurrLe I1 
4.31 Common /@UTPUT/ 
Fvphrr (1) Array used f o r  o u t p u t d  flow va r i ab l e s ;  set 
i n  subrout ine  @ U T ~  ( en t ry  $ 8 ~ 2 )  
I = 1 Axia l  coordinate ,  x  ( inches)  
I = 2 Temperature (OK) 
I = 3 S t a t i c  enthalpy ( ~ t u / l b )  
I = 4 Pressure  (ah) 
1 = 5 Density ( l b / f t 3 )  
I = 6 Nozzle diameter ( inches)  ; geometric 
area r a t i o  i n  channel  s o i u t i o n s  
I = 7 Veloci ty  ( ft./sec) 
I = 8 Mach number 
I = 9 Entropy ( ~ t u / l b O ~ )  
I = 10 Frozen s p e c i f i c  h e a t  r a t i o  
I = 11 E f f e c t i v e  area r a t i o  
I = 12 Reynolds number ( p e r  i t )  
I = 13 Molecalar weight (g/mole) 
I = 14 Viscos i ty  ( l b / f t  s ec )  
I = 15 E l e c t r i c a l  conduc t iv i ty  (mho/cm) 
I = 16 Geometric area r a t i o ;  width of  f ace  
w i t h  f i r s t  p r o f i l e  i n  channel 
s o l u t i o n s  
I =. 17 Displacement th ickness  ( inches)  
I = 18 Momentum th ickness  ( inches)  
GJm (J) 
I = 19 H e a t  f l u x  to wall ( ~ t u / f t ~ s e c )  
I = 20 Shear stress on w a l l  (lbf/ft2) 
I = 21 Recovery enthalpy ( ~ t u / l b )  
I = 22 P r a n d t l  number a t  the r e fe rence  
temperature  
I = 23 S tan ton  cunber 
I = 24 Reynolds number based on 8 
I = 25  R e  f o r  boundary l a y e r  t r a n s i t i o n  8 
I = 26 Width o f  f ace  w i t h  second p r o f i l e  
(channel  s o l u t i o n s  only) 
1 = 27 Displacement t h i ckness  on second 
p r o f i l e  (inches) 
I = 28 Momentum th ickness  on second p r o f i l e  
( inches ) 
I = 29 Eeat f l u x  t o  w a l l  on second p r o f i l e  
( ~ t u / f t ~ s e c )  
I =. 30 Shear s t r e s s  on w a l l  on seco i~d  p r o f i l e  
( lb f / f  t2) 
I = 33. Recovery enthalpy ( ~ t u / l b )  
I = 32 P r a n d t l  number a t  t h e  r e f e rence  
t e a p e r a t u r e  
I = 33 Stantoil number on second p r o f i l e  
I = 34 Reg on second p r o f i l e  
I = 35 Re6 f o r  t r a n s i t i o n  
(Not used) 
4.32 Common /P@LYAT/ 
THEVE (K, J) For  K = 1-4,  t h e  fou r  c h a r a c t e r i s t i c  
v i b r a t i o n a l  temperatures o f  t h e  J t h  spec i e s  
i n  t h e  c u r r e n t  gas  model, i f  t h i s  s p e c i e s  is 
a l i n e a r  t r i a t o m i c  molecule. I n  subrout ine  
READ, t h e  e n t r i e s  R = 2-4 a r e  set t o  va lues  
i n  OK, I n  subrout ine  INIT, t h e s e  va lues  a r e  
nondimensionalized by d iv id ing  them by t h e  
r e s e r v o i r  temperature,  and t h e  va lue  K = 1 
is set 
4.33 Common /RDLIST/ 
MFITER 
Index of s tandard  gas  mixedre 
IGhS value  i n  preceding case ( i f  any) 
Nazzle p r o f i l e  index f o r  preceding case 
Channel index f o r  preceding case 
Input  va lue  of s t agna t ion  enthalpy (cal/g)  
~ o g i c a l . c o n t r o 1  f o r  suppress ing ou tpu t  o f  t h e  
gas  model d a t a  when t h e  model is t h e  same as 
i n  t h e  preceding case 
Input  c o n t r o l  f o r  t h e  i t e r a t i o n  t o  t a k e  t h e  
displacement t h i ckness  i n t o  a c m  unt  in t h e  
r e s e r v o i r  condi t ion  c a l c u l a t i o n s ;  z e r o  va lue  
suppresses  t h e  i t e r a t i o n  
Input  l o g i c a l  c o n t r o l  f o r  suppress ing a l l  
t r a n s p o r t  proper ty  c a l c u l a t i o n s  
LEWIS 
IAiiBIP 
~ ~ I d t r  
FACNAM 
CHANAM 





4.3 5 Common ,/RuM~D,/ 
Index c o n t r o l l i n g  use  o f  the Fay-Riddell 
Lewis number f a c t o r  i n  s tagnat ion-point  h e a t  
flux c a l c u l a t i o n s ,  For  LEWIS = 1, t h e  f a c t o r  
is  used; f o r  LEWIS = 2,  i t  is omit ted 
Index speciP2ing whether t h e  d i f f u s i o n  process 
upon which t h e  L e w i s  number i s  based is 
ambipolar (IAMBIP = 2) or no t  (IAMBIP = 1) 
4.36 Common /RD@U'T/ 
Total mass flow i n  lbmlsec 
H o l l e r i t h  f a c i l i t y  name 
i3o l l e r i t h  channel name 
Index, nonzero i f  t h e  boundzry l a y e r  parameters 
N and XSN are to  be p r i n t e d  i n  t h e  ou tpu t ,  
equa l  to 0 i f  no t  
4.37 Common /RDTR/ 
Index c o n t r o l l i n g  d i agnos t i c  dumps i n  the 
t r a n s p o r t  proper ty  rou t ines .  I f  ISW8B = 0, 
t h e s e  &un;ps are omitted,  If ISW8B > 0, t h e  
PUTQIN dump is  produced once every ISW8B 
t i m e s  t h e  subrout ine  PUTQIN is c a l l e d ,  I f  
ISW8B < 0, t h e  PUTQIN dump is suppressed. 
4.38 Common /RDWEDG/ 
Angles of a t t a c k  (degrees)  
Radi i  of lead ing  edge ( inches)  
I n i t i a l  d i s t ancd  from lead ing  edge of  wedge 
( inches) 
Increment i n  d i s t a n c e  from lead ing  edge 
( inches) 








Spec i f i ed  d i s t ances  from l ead ing  edge ( inches)  
Sur face  temperature of  wedge model (OK) 
Leading-edge drag c o e f f i c i e n t ,  k 
Number of  d i s t ances  from leading edge (a t  
increment of  Dim) a t  which s u r f a c e  condi t ions  
on wedge model are t o  be c a l c u l a t e d  
Number of angles  of a t t a c k  
Umber of leading-edge r a d i i  
Logical  c o n t r o l  va r i ab l e ;  i f  " f a l s e " ,  
condi t ions  on wedge a r e  not  ca l cu l a t ed  
Logica l  c o n t r o l  v a r i a b l e ;  i f  " f a l s e " ,  
s t agna t ion  po in t  hea t  f l uxes  are not  ca l cu l a t ed  
ISW9B Control  v a r i a b l e ,  normally 0, w i t h  t h e  following 
poss ib l e  o p t i o n a l  values:  
+ 1 P r i n t  shock o r d i n a t e  Ys 
-
+ 2 P r i n t  nondimensional coord ina te  < 
-
+ 3 P r i n t  bo th  Y, and C 
-
If XSW9B i s  negat ive ,  c a l c u l a t i o n s  a r e  done 
us ing  t h e  unmodified Cheng-Kemp theory  a s  
w e l l  a s  t h e  modified theory  
R P ~ ( I )  Spec i f i ca t ions  o f  s tandard  r e a c t i o n  no. 1: 
1 = 1  Coef f i c i en t  A i n  formula f o r  
forward r eac t ion  r a t e  constant  
(cm3/mo~e sec o r  crn6/mole2 sec)  
1 = 2  Exponent q i n  formula f o r  r a t e  
cons tan t  
1 = 3  Act iva t ion  energy Ea i n  formula f o r  
rate constant  (cal/mole) 
I .= 4 Equal t o  1.0 i f  a third-body l i s t  
is provided f o r  t h e  r eac t ion ,  
equa l  t o  0.0 i f  not  
1 = 5  Number of r e a c t a n t  spec i e s  ( ( 3) 
I = 6  Number of product spec i e s  ( 13) 
I = 7-9 Ind ices  of r e a c t a n t  spec i e s  i n  
master l i s t  o f  spec i e s  
I = 10-12 Ind ices  of  product spec i e s  i n  
master l is t  o f  spec i e s  
I = 13-15 Numbers of  molecules of  r e a c t a n t s  
I = 16-18 Numbers of molecules of products 
1 = 19 Number of  t h i r d  bodies 
I = 20-29 Ind ices  of  third-body spec i e s  i n  
master l i s t  o f  spec i e s  
RP2 (I) Spec i f i ca t ions  of s tandard  r e a c t i o n  no. 2 
. . 
RP92 (I )  S p s c i f i c a t i o n s  of s tandard  r e a c t i o n  no. 92  
4.40 Common /READAT/ 
. . 
PRESAI Reservoir  p ressure  input  (atm) 
DELTlI I n p ~ t  value  of nondimensional temperatur e 
decrement used i n  t h e  f rozen and equi l ibr ium 
flow c a l c u l a t i o n s  and i n  s t a r t i n g  t h e  non- 
equi l ib r ium s o l u t i o n  
TPRNTI The free-stream nonequilibrium s o l u t i o n  is 
p r i n t e d  out  a t  temperature i n t e ~ v a l s  g r e a t e r  
t han  o r  equal  t o  TPRNTI t imes t h e  r e se rvo i r  
temperature,  For TPRNTI = O . ,  every s t e p  is 
p r i n t e d  
DELTXI Input  value  of i n i t i a l  s t e p  s i z e  i n  x f o r  
nonequilibrium i n t e g r a t i o n  (cm) 
Q[MAXI Dis tance beyond t h e  t h r o a t  a t  which t h e  flow 
s o l u t i o n s  a r e  stopped ( inches)  
CTAPI Reservoir  temperature input  (OK) 
X Z E R ~ I  Nozzle o r  channel i n l e t  pos i t i on  a t  which 
t h e  boundary l a y e r  is  assumed t o  o r i g i n a t e  
(negat ive  value,  measured i n  inches upstream 
from r h e  t h r o a t )  
PARAMI (L,M,N) Input  a r r a y  of  parameter values  f o r  nozzle o r  
channel  p r o f i l e s  (see d e f i n i t i o n s  of  code 
inputs ,  Group 4,  i n  Sec t ion  2.3 af Volume 11) 
B Z E R ~ I  Input  of cons tan t  i n  imperfect  I P S  co r rec t ion  
HSTAG Input  s t agna t ion  enthalpy ( ~ t u / l b )  
READXS Input  c o n t r o l  f o r  reading c ros s  s e c t i o n  d a t a  
f o r  . t ranspor t  proper ty  c a l c u l a t i o n s  
READG Input  c o n t r o l  f o r  reading d a t a  on elements, 
spec i e s ,  and/or r e a c t i o n s  
AAMS Input c o n t r o l  f o r  automatic a i r  model s e l e c t i o n  
A X I M ~ ~ D  Input  c o n t r o l  f o r  suppressing s tagna t ion  point  
model condi t ion  c a l c u l a t i o n s  i f  only wedge 
c a l c u l a t i o n s  a r e  d e s i r e d  
ICASE Case number i n  t h e  cu r r en t  job 









Input c o n t r o l  f o r  suppress ing t h e  output  o f  
t h e  boundary l aye r  parameters N and X S N  
I n d i c a t o r  f o r  e l e c t r o n i c  nonequilibrium i n  
a gas model 
Index of  s tandard channels 
Number of succes s fu l  i n t e g r a t i o n  s t e p s  
requi red  before  t h e  s t e p  s i z e  i n  t h e  nor.- 
equi l ibr ium c a l c u l a t i o n  is  increased  
Input  c o n t r o l  f o r  equi l ibr ium o r  f rozen 
molecular v i b r a t i o n  
Input of number of records  a l ready  on d a t a  
t ape  a t  beginning of  run 
Ind ices  of cold  spec i e s  i n  master l i s t  of  
spec i e s  
Input of  t h e  number o f  chemical elements i n  
t h e  gas model 
Input of t h e  number of  chemical spec i e s  i n  
t h e  gas model 
ISRI Input  o f  t h e  number of r eac t ions  i n  t h e  gas  
model 
I C I  Input  o f  t h e  number of i ons  i n  the  gas model 
I E  (I) Input i nd i ces  of elements p resen t  i n  t h e  gas  
model, i n  t h e  master l i s t  of elements 
I R  (1) Input i nd i ces  of r eac t ions  i n  t h e  gas  model, 
i n  t h e  master l is t  of r e a c t i o n s  
NSECTS (I ,  J) For I = 1, number of upstream sec t ions  i n  t h e  
c u r v e f i t  f o r  t h e  J t h  p r o f i l e ;  f o r  I = 2,  
number of downstream s e c t i o n s  
IEEP (I) Ind ices  assigned t o  t h e  input-defined elements 




4.41 Common /RENE/ 
Concentrat ion (moles/g) below which a  spec i e s  
w i l l  be f rozen i f  it decreases  s o  r a p i d l y  
t h a t  it c o n t r o l s  t h e  i n t e g r a t i o n  s t e p  s i z e .  
HTEST Maximum r e l a t i v e  change i n  t o t a l  enthalpy i n  
an  i n t e g r a t i o n  s t e p .  
TETE ST Maxinum r e l a t i v e  change i n  e l e c t r o n  temperature 
i n  an i n t e g r a t i o n  s t e p  
QTEST C r i t e r i o n  value f o r  maximum allowable change 
i n  energy t r a n s f e r  t o  e l e c t r o n  gas i n  an 
i n t e g r a t i o n  s t e p  
DCHLL Parameter used i n  s e l e c t i n g  i n i t i a l  i n t e g r a t i o n  
s t e p  s i z e ;  t h e  i n i t i a l  A X  is  not allowed t o  
exceed 0.0 1 I Xi ! ,idDCHLL. 
DCHRAT Parameter c o n t r o l l i n g  t ' le a r t i f i c i a l  i nc rease  
i n  r e a c t i o n  r a t e s  i n  t h e  per turba t ion  
s o l u t i o n  t o  avoid premature s t a r t u p  cf t h e  








Parameter C z  i n  c r i t e r i o n  f o r  switch from 
p e r t - ~ r b a t i o n  s o l u t i o n  t o  numerical i n t e g r a t i o n  
Maximum r e l a t i v e  change i n  t h e  g a s  tempera- 
kure i n  an i n t e g r a t i o n  s t e p  
Maximum r e l a t i v e  change i n  a  spec i e s  con- 
c e n t r a t i o n  i n  an i n t e g r a t i o n  s t e p .  
4.42 Common /RESPRP/ 
Viscos i ty  i n  t h e  r e s e r v o i r  (poise)  
Yrandtl  number i n  t h e  r e s e r v o i r  
E l e c t r i c a l  conduc t iv i ty  i n  t h e  r e s e r v o i r  
(mho/cm) 
( 1  FLEWR 
4.43 Common /SPEC/ 
SP1 (I) 
Lewis number i n  t h e  r e s e r v o i r  
Spec i f i ca t ions  f o r  s tandard  spec i e s  no. 1: 
I = l  H o l l e r i t h  name f o r  spec i e s  
1 = 2  Number o f  elements i n  spec i e s  ( 5 3 )  
I = 3-5 Ind ices  o f  elements i n  t h e  master  
l i s t  of elements 
I = 6-8 Numbers o f  atoms of elements 
I = 9-14 Thermo-fit parameters a ,  b, c, d, 
e, k 
1 = 15 Formation enthalpy (cal/mole) 
I = 16 Number of atoms i n  a molecule of  
t h e  spec i e s  
1 = 17 Chemical cons tan t ,  b 
1 = 18 C h a r a c t e r i s t i c  v i b r a t i o n a l  tempera- 
t u r e  (OK) 
I = 13 Number of e l e c t r o n i c  l e v e l s  ( 210)  
I = 20 1 i f  thermo-fi t  i s  used, 0 i f  not  
I = 21-30 Degeneracies of  e l e c t r o n i c  l e v e l s  
I = 31-40 Energies o f  e l e c t r o n i c  l e v e l s  
(cal-/mole above ground s t a t e )  
I = 41-43 Second, t h i r d ,  and fou r th  charac- 
t e r i s t i c  v i b r a t i o n a l  temperatures 





Square o f  t h e  sound speed d iv ided  by the non- 
dimensional temperature T / T ~  (crn2/sec2) 
Standard v e 1 o c i . t ~  used f o r  nondimensionalizing 
t h e  flow ve loc i ty .  4- , where Tg is 
t h e  r e s e r v o i r  temperature,  Wo t h e  r z s e r v o i r  
molecular weight. and Ro = 8.31436 x 10' 
erg /moleO~ 
4.45 Common /STAG/ 
I n i t i a l  es t imate  of temperature behind 
equi l ibr ium normal shock (OK) 
I n i t i a l  e s t ima te  o f  d e n s i t y  r a t i o  ac ross  
equi l ibr ium normal shock 
I n i t i a l  estimate o f  temperature behind f rozen 
normal shock (OK) 
I n i t i a l  es t imate  of  d e n s i t y  r a t i o  ac ross  
f rozen normal shock 
4.46 Common /STEPS/_ 
Number of  succes s fu l  i n t e g r a t i o n  s t e p s  s i n c e  
t h e  iast  p r i n t o u t  of  condi t ions  a t  a flow 
poin t  
4.47 Common /SWITCH/ 
The co r r ec t ed  x-coordinate of t h e  flow point  
preceding t h e  po in t  a t  which J3LAYER is f i r s t  
c a l l e d  wi th  x cor rec ted  f o r  t h e  displacement 
th ickness  i n  t h e  f rozen and equi l ibr ium 
s o l u t i o n s  (an) 
The d i f f e r e n c e  i n  co r r ec t ed  x values  between 
t h e  po in t  a t  XPB and . t h e  preceding po in t  
IMP 
Constant parameter w determining t h e  charac- 
t e r i s t i c  d i s t a n c e  over which t h e  boundary 
l a y e r  c o r r e l a t i o n  parameter n  is averaged; 
see eqs. I (218)  and 1(217) 
"., 4 
4.48 Common /TAP@UT/ 
"'. , -  ~~ . .. I . '  
X X X ( I )  Block of  s to rage  used t o  set up da t a  which 
a r e  t o  be saved on b inary  t a p e  f o r  subsequent 
processing by o t h e r  programs 
I T P ~ U T  F i l e  number o f  b inary  ou tpu t  t a p e  
NRC@XC Number o f  records  w r i t t e n  on b inary  t a p e  
dur ing c u r r e r t  case  of  job 
I F L ~  (Not used) 
ITYPER Type of record w r i t t e n  on b inary  tape:  
1 "Case" record wi th  o v e r a l l  d e f i n i t i o n  o f  
flow s o l u t i o n  being computed 
2 "Point" record conta in ing  free-stream flow 
v a r i a b l e s  
3 " ~ o d e l "  record conta in ing  d a t a  f o r  
s t agna t ion  po in t  model 
Index of model po in t s  w r i t t e n  on to  b inary  
t a p e  i n  c u r r e n t  s o l u t i o n  
DATAPE Logical  c,ontrol  var iab le :  i f  " f a l s e " ,  no 
d a t a  a r e  w r i t t e n  onto  b inary  t a p e  
4.49 Common /TEMPRY/ 
SAVEC ( J ) Species mole f r a c t i o n s  f o r  which t r a n s p o r t  
proper ty  c a l c u l a t i o n s  are done 
4.50 Common /THRT/ 
RSA Factor  by which c r o s s  s e c t i o n a l  area of  flow 





XMJATD (J , L ) 
CLNTD (L) 
CTD (2) 
4.51 Common /TNCE/ 
k 
Y j, sum of  t h e  molar concent ra t ions  f h r  
$11 spec ies  except t h e  e l e c t r o n  (rnole/g) 
C j Y j / ~ O ,  sum of t h e  products of t h e  j:Z 
molar {eat c a p a c i t i e s  and molar concent r a t i o n s  
f o r  a l l -  spec ies  except t h e  e l e c t r o n ,  d iv ided  
by t h e  un ive r sa l  gas cons tan t  
Power r a d i a t e d  from t h e  gas ,  cal/cm3-sec 
Net power t r a n s f e r r e d  t o  t h e  e l e c t r o n  gas 
(cal/cm3-sec) 
4.52 Common /TNDC/ 
i 
0 i Chemical p o t e n t i a l  a t  s tandard pressure  ( p ,  , fo r  
t h e  t ~ t h  spec i e s ,  eva lua tee  a t  the L~~ tempe$ature 
(L = 1, heavy par t ic le  temperature;  L = L, e lec txon  
tempsrature), divided by Ro  t imes t h e  ~ t h  t e n p e ~ a t u r e  
Natural  logari thm of  t h e  Lth  temperature 
(L = 1, heavy p a r t i c l e  temperature; L = 2 ,  
e l e c t r o n  temperature)  
Nondirnensional tempezatures (L = 1, T / T . ~ ;  
L = 2, T,/T~) 
Spec i f i ca t ions  of  d a t a  f o r  s tandard  e l e c t r o n i c  
nonequil.ibrium model no. 1 (helium) : 
I = 1-25 KTF (I) , i n d i c a t o r  f o r  type o f  
formula f o r  forward rake constant  
of  t h e  I t h  reac t ion ;  see Sec. 
4.4 of  Vcl. I1 
I = 26-50 KTR . i nd ica to r s  f o r  t h e  revezse  
r e a c t i o n s  i a  t h e  gas model. 
KTR = 0 i f  t h e  backwctrd r a t e  
c o n s t a n t  kr i s  ze ro ;  !?FR = 1 if 
kr = k, (T) ; and KTR = 2 if 
kr = ?cr (Te) 
I = 51-75 ITR va lues  f o r  t h e  r e a c t i o n s  i n  
t h e  gas model. ITR i s  an i n d i c a r o r  
of t i i z  r u l e  f o r  p a r t i t i o n i n g  t h e  
:dact ion  energy between t h e  
el,.ctrcjns, che heavy p a r t i c l e s ,  
and r a d i a t i v e  l o s s e s .  The 
s i g n i f i c a n c e  o f  i t s  va lues  1s 
d i s c u s s e d  i n  Sec. 4.4 of  Vol. I1 
I = 76-100 Eo parameters  f o r  r.- - c t i c . ~ s :  
I = 101-125 Values o f  t h e  parameter  "3" f o r  
r e a c t i o n 5  ; t h  ITR = 1 
I = 126-155 Temperatuxe v a l u e s  f o r  table o f  
c o l l i s i o n  c r c s s  s e c t i o n ,  
-( 1,l) 
I = 156-185 Q v a l u e s  f o r  t a b l e  
I = 186 Parameter  b f o r  r e a c t i o n s  w i t h  
KTF = 4 
S p e c i f i c a t i o n s  o f  d a t a  for e l e c t r o n i c  non- 
e q u i l i b r i u m  model no. 2 (a rgon)  
4.54 Common /TNEQ/ 
TLIST (1) For  I = 1-30, t empera tu res  f o r  e l a s t i c  
c o l l i s i o n  c r o s s  s e c t i o n  t a b l e  f o r  c u r r e n t  gas  
model (OK) 
P@M (1) For I = 1-30, c r o s s  s e c t i o n  lrziur2s f o r  e l a s t i c  
c o l l i s i o n  c r o s s  s e c t i o n  table f o r  c u r r e n t  gas  
model 
4.55 Common /TNERK/ 
 AT&!^. change i n  e l ec t ron  temperature i n  
in teg ra t ion  s t e p  
T$T~ a t t h e  start  of t h e  in teg ra t ion  s t e p  CTEB 
Dam ( w ~ / R ~ I ' ~ )  (db/dx) , rate of  change of  non- 
dimensional t o t a l  enthalpy 
w ~ ~ ~ / R ~ T ~ :  nondirnensio~al t o t a l  enthalpy at  
s t a r t  o f  in teg ra t ion  s t e p  
f CHB 
! 
A (WOhO/~OTO) change i n  nondimens iona l  
to ta l  enthalpy i n  in teg ra t ion  s t e p  
"4. , c r i t e r i o n  value f o r  convergence test on c anges i n  energy t r a n s f e r  to t h e  e l ec t ron  
gas 
IFAIL Indica tor  f o r  cause of in teg rz t ion  s t e p  
fa i lu re :  
I1 '& 
- Meaninq 
0 F a i l u r e  i n  COMM o r  DERIVS 
(ca l led  froin RNKT) 
1 Test on T i n  N~NEQ 
2 Test  on Te i n  N ~ N E Q  
3 T e s t  on ho i n  NPjNEQ 
4 Test  on D L ~ G A  i n  N ~ E Q  
5 Test on QDPE i n  NQ/NEQ 
11-30 Ten- ?n GJ(IFA1L-10) trom 
I?@, Y: In N ~ N E Q  
31-50 Test on GJ(1FAIL-30) from 




F a i l u r e  i n  DERIVS or @MM 
(called from N@NEQ) 
Tes t  on s i g n  o f .  =(-IFAIL) 
i n  RNKT (GJ2 or GJ3) 
- (ISS+l) Tes t  on s ign  o f  T i n  RNKE 
(652 or GJ3). 
- (ISS+2) Tes t  on sigx? of T, i n  RNKT 
(652 or GJ3) 
- (ISS+3) Test  on s i g n  o f  ho i n  RNKT 
(652 or 653) 
- (ISSi-4) Tes t  on QDPE i n  RNKT (652 
. o r  GJ3) 
-31 t o  (-30+ISS) Tes t  on s i g n  o f  GJ(-IFAIL-30) 
i n  RNKT (GJ4, Runge-Kutta) 
- (31+ISS) T e s t  on sign of T i n  RNKlr 
(GJ4, Runge-Kutta) 
- (32+ISS) T e s t  on s i g n  of T, i n  RNKT 
(GJ4, Runge-Kutta) 
- (33+ISS) T e s t  on s ign of h i n  RNKT 
(GJ4.. Runge-Mttaf 
- (34+ISS) T e s t  on QDPE i n  RNKT (GJ4, 
Runge-Kutta) - 
-61 t o  -(60+ISS) T e s t  on s i g n  o f  GJ(-IFAIL-60) 
i n  RNKT (GJ4, Treanor) 
- (61+1SS) T e s t  on sign o f  T i n  RNKT 
(GJ.:, Treanor) 




EPAR (I, JR) 
ITR (JR) 
Tes t  on s i g n  of ho i n  RNKT 
(654, Treanor) 
T e s t  on QDPE i n  RNKT (W. 
Treanor) 
4-56 Common /TNm/ 
Electron temperature divided by gas tempera- 
t u r e  i n  r e se rvo i r  
Derivative of CTE with respect t o  x, i,e,, 
d(Te/Cro) /a 
Parameter b f o r  reac t ions  with KTF = 4 
EPAR (1,JR) = parameter E f o r  t h e  ' n t h  
reac t ion  i n  cal per  No reac t ions ;  EPAR(2,JR) = 
parameter a for t h e  JRth reac t ion  i f  ITR(JR) = 
1 
Indica tor  f o r  e l e c t r o n i c  nonequilibrium i n  t h e  
gas model; f o r  NT =1, t h e  gas and e lec t ron  
temperatures are assumed t o  be equal; f o r  
NT = 2, they are not 
Indica tor  of t h e  r u l e  f o r  pa r t i t ion ing  t h e  
reac t ion  energy between t h e  e lec t rons ,  the  
heavy p a r t i c l e s ,  and r a d i a t i v e  losses  i n  t h e  
JRth reac t ion  o f  t h e  cu r ren t  gas model. See 
d i scuss ion- in  Section 4.4 of Vol. I1 
Indica tor  f o r  temperature dependence of t h e  
forward r a t e  constant kf f o r  t h e  JRth 
reac t ion  i n  the  current  gas model; see  Sec. 
4.4 of Voll. I1 
IIi (K) 
Indicator fo r  temperature dependence of t h e  
backward rate constant k, fo r  the  JRth 
react ion i~ the  current gas nodel: 
KTR = 0 k, = 0 
KTR = 1 k, = %(TI 
m = 2  . kr = k,(Te) 
Indicator  fo r  charged species; equal t o  1 i f  
t h e  Jth species is neutral,  equal t o  2 i f  
the species is an ion 
Species index for  t he  product atom i n  the  I t h  
reaction; i f  XTF(1)i.s not equal t o  4, I P A ( 1 )  is 
ret t o  zero 
4-57 Common /TMNI/ 
For K = 1 t o  a maximum of 5, the  index of the  
first species in the  Kth pa i r  of species t o  
which the  cross sect ion calculated i n  the  
ith s t e p  of the  transport  property calculat ion 
is applied. The common block provides storage 
f a r  i = 1 t o  100 
4.58 Common /TRANJ/ 
JJi (K) For K = 1 t o  a maximum of 5, t he  index of 
the  second species in the  Kth pa i r  of s -^ties 
t o  which the  cross sect ion calculated i ':e 
ith s t e p  of  the  transport  property c a l c ~ ~  rion 
is applied, The common block provides storage 
f o r  i = 1 t o  LOO. Only pai rs  with IIi(K) L 
JJi(K) a r e  used 
4.59 Common   TRANS^/ 
Temperature in  OK for t ransport  calculat ions 
Q(K,'f,J) Q (K, I, J) is used i n  t h e  cross sec t ion  
computations t o  s t o r e  t h e  averaged cross  
sec t ions  f o r  t h e  species  p a i r  (I, J) as follows: 
A t  o t h e r  s t ages  i n  t h e  c a ~ c u l a t i o n s ,  Q(K,I,J) 
is  a l s o  used i n  subroutine TRANSP to  s t o r e  
t h e  matrix elements f o r  t h e  t r anspor t  calcu- 
l a t i o n s ,  and i n  subroutine XSECT t o  ind ica te  
t h e  species  p a i r s  f o r  which cross  sec t ion  
da ta  have been supplied 
zM2(I) Quantity proportional t o  molemlar  weight of 
spec ies  I, eqs, (171) 
4-60 Common   TRANS^/ 
IMQ (L) Index of opt ion t o  be used f o r  s t e p  L of cross ' 
sec t ion  computations i n  input o r  precoded 
da ta ;  see Sect ion 4-4  of Vol, I1 
mQ (L) Number of  spec ies  p a i r s  i n  IIQ, JJQ ar rays  
f o r  which option KKQ(L) is spec i f i ed  i n  
input  da ta  
ISEQ (K) Sequencing a r ray  specifying t h e  order  i n  
which t h e  d e f i ~ d  s t e p s  of  t h e  t ranspor t  
c ross  sec t ion  ca lcu la t ion  a r e  t o  be c a r r i e d  
out  
Number of s t eps  spec i f i ed  f o r  cross  sec t ion  
computations 
Temporary a r ray  of species  indices  used by 
subroutine XSECT i n  preparing ed i t ed  cross  
sec t ion  da ta  
1: r: ASTAR (I) 
b 
c 
I BSTAR (I) 
Common   TRANS^/ 
Intermediate var iable  i n  t r anspor t  ca lcula t ions ;  
see.KIIW and WINDMU, Sect ions 3.27 and 3.28 
Reciprocal o f  B (1 ,L)  
Intermediate va r i ab le  i n  t r anspor t  ca lcula t ions ;  
see KANDMU, Sect ion 3.27 
Mole f r a c t i o n  of spec ies  I i n  gas  mixture 
Nondimensional i n t e r n a l  s p e c i f i c  hea t  
(W. C . h o k  - 5/2) f o r  spec ies  I i n  gas mixturn 
1 Pl 
Independent va r i ab le  (temperature) f o r  t abu la ted  
c ross  sec t ion  da ta  
Value o f  first parameter determiaing cross 
sec t ions  a t  TL(1) f o r  tabula ted  cross  sec t ion  
da ta  
Value of second parameter determining cross  
sec t ions  a t  TL(1) f o r  tabula ted  cross  sec t ion  
data 
Value-of t h i r d  parameter determining cross  
sec t ions  a t  TL(1) f o r  tabula ted  cross  sec t ion  
d a t a  . . 
4-63 Common /TRANSS/ 
Number of spzcies included i n  t ~ a n s p o r t  
calcul-.t  ions 
IELEC=O indica tes  t h a t  e lec t rons  a r e  not 
included i n  t h e  ca lcula t ions  
Index i n  t h e  current  gas model of f i r s t  
species  used i n  Lewis, number computation 
W i  (K)  
Index i n  t h e  current  gas model of  second 
species used i n  Lewi s  number computation 
Common   TRANS^/ 
L i s t  of parameters Eor c ross  sec t ion  
computations i n  ed i t ed  data 
Option to be used f o r  s t e p  L o f  c ross  sec t ion  
computations i n  ed i t ed  data 
Index o f  l a s t  species  p a i r  i n  IQ,SQ a r rays  
t o  which s t e p  L of the ed i t ed  cross  sec t ion  
computations is t o  be appl ied 
L i s t  of  f i r s t  indices  f o r  spec ies  p a i r s  t o  
which e d i t e d  cross  sec t ion  data are to  be 
appl ied  
L i s t  o f  second indices  f o r  species  p a i r s  t o  
which edited cross  sec t ion  data are to  be 
appl ied 
N u m b e r  o f  s t e p s  i n  c ross  sec t ion  computations 
f o r  ed i t ed  cross  sec t ion  data 
4-65 Common  TRANS^/ 
Number o f  parameters V required f o r  opt ion K 
of t h e  cross  sec t ion  computations 
Number of  species  included i n  c ross  sec t ion  
cornputat ions 
4.66 Common /TRANV/ 
For K = 1 t o  a maximu;n of  5, t h e  input para- 
meters f o r  t h e  i t h  s t e p  of  t h e  c ross  sec t ion  
ca lcula t ions ,  The common block provides 
s t o r a j e  fo r  i = 1 t o  100 
6, 4.67 Common /TRPR#P/ 
VISC Viscosity of  mixture i n  poise 
PRF Frozen Prandt l  number f o r  mixture (dimension- 
less) 
SIGMA Electrical conductivity o f  mixture i n  mhos/cm 
-. 
PLEWIS Atom-molecule L e w i s  number of  mixture 
(dimensionless) 
4.68 Common ~ M @ D /  
TSF Frozen s tagnat ion temperature (OK) 
P 4.69 Pain Proqran 
ATEST Previous value of A i n  t h e  Newton-Raphson 
i t e r a t i o n  t o  determine t h e  parameter oc i n  t h e  
density-area r e l a t i o n  I(383) 
ATH Effec t ive  cross-sect ional  a rea  of t h e  flow a t  
t h e  t h r o a t ,  with allowance f o r  t h e  boundary 
l aye r  displacement thickness  (a2) 
2 CIITH Xondimensional enthalpy ~ w ~ / R ~ T ~  a t  t h e  t h r o a t  
CMTH Molecular weight of gas n ix tu re  a t  t h e  th roa t  
(p+/PO ) A  (A+2) -2, where p, is t h e  dens i ty  a t  
t h e  sonic  point i n  t h e  equilibrium flow 
so lu t ion  and A is t h e  current  estimate of t h e  
parameter& i n  t h e  density-area r e l a t i o n  
b DELT I n i t i a l  decrement of t h e  nondimensional ! temperature f o r  s t a r t i n g  t h e  per turbat ion 
ca lcu la t ion  o f  t h e  nonequilibrium flow i 
I 
: . D l  ( P * / ~ o  A [ ( ~ + 2 ) h  (/I*@o) + 11 
i 






Elapsed t i m e  from beginning o f  execut ion 
( seconds) 
Elapsed t i n e  from beginning o f  execution a t  
t h e  s t a r t  o f  a case (seconds) 
Species  concent ra t ions  i n  moles/g 
Species  concent ra t ions  i n  t h e  upstream 
r e s e r v o i r ,  moles,'g 
Mole f r a c t i o n  of t h e  ~ t h  s p e - i e s  under equi- 
l ib r ium s o n i c  condi t ions  
Reservoir  en tha lpy  (cal /g)  
D@ index; also, index, i n  t h e  l i s t  o f  s p e c i e s  
f o r  t h e  c u r r e n t  problem, o f  t h e  K~~ co ld  i 
s p e c i e s  
Ind ica to r ;  va lue  1 i n d i c a t e s  t h a t  c a l l  t o  
TRANSX w a s  skipped i n  t h e  previous case 
becaure t a b l e s  o f  s p e c i e s  thermal p r o p e r t i e s  
w e r e  generated 
I n d i c a t o r  f o r  t ype  o f  f low so lu t ion :  
IS&N -= 1 Frozen 
IS@LN = 2 Equil ibrium 
IS@LN = 3 Nonequilibrium 
Storage f o r  input  va lue  of  ISW3B; used t o  
r e s t o r e  value a f t e r  a case  i n  which ISW3B 
was set t o  i e r o  because NP~TRAN = ,TRUE. 
Cold spec i e s  index 
I t e r a t i o n  counter  i n  Newton-Raphson s o l u t i o n  
f o r  parameter cc i n  a r e a - d e ~ s i t y  r e l a t i o n  
Countc-  f o r  cases  i n  a run 
Number aF cases  succes s fu l ly  completed i n  a run 
c-.. N E R ~ R  Number of  f a i l e d  cases i n . a  run 
! N@ZZLE Nozzle p r o f i l e  index 
I 
i 
t i NRCTI~T Tota l  number of records wr i t t en  on tape  8 during a  run f 




f UTH Nondimensional flow ve loc i ty  (SU) a t  t h r o a t  I 
VISCC Viscosi ty  i n  t h e  r e se rvo i r  (lbm/ft-sec) 
1 
4.70 Subroutine A E S ~ N  
it._ 
t. 
DELP (L) Displacement thickness  i n  cm, on Lth p r o f i l e  
i 
DELSTP (L) Displacement thickness  a t  t h e  t h r o a t  i n  cm, 
on Lth p r o f i l e  
D E N ~ M  One-fourth of t h e  e f f e c t i v e  flow area  a t  t h e  
t h r o a t  fo r  a  channel (cm2) 
DYDX Slope dy/dx f o r  t h e  first p r o f i l e  i n  z 
channel 
DZDX Slope dz/dx f o r  t h e  second p r o f i l e  i n  a 
channel 
FACl Effec t ive  ordinate  of f i r s t  p r o f i l e  i n  a  
channel (cm) 
FAC2 Effec t ive  ord ina te  of  second p r o f i l e  i n  a  
channel (cm) 
AEC 
Square root  of t h e  ef Pective a rea  r a t i o ,  Ke 
Axial coordinate i n  nozzle (cm) B > 
4 
Geometric ord ina te  of f i r s t  p r o f i l e  i n  a  
r 
channel (cm) $ 
Geometric ord ina te  of second p r o f i l e  i n  a 
. 1 
channel (cm) 1 :  
I 
4.71 Subroutine AGSGLN i 
! 
r 
T r i a l  value of  -geometric a rea  r a t i o  . 
l3f f e c t i v e  area r a t i o  
Constant term i n  equation r e l a t i n g  t h e  
geometric and e f f e c t i v e  a rea  r a t i o s  f o r  a 
channel 
.Final  so lu t ion  f o r  t5e geometric a rea  r a t i o  
Dummy argument i n  c a l l  t o  GE$MAR; represents  
X-derivative of geometric a rea  r a t i o  {not 
used) 
DEL (L) Displacement thickness  divided by RO, f o r  
boundary l aye r  on Lth p r o f i l e  
CELP (L) Displacement thickness  (cm) f o r  boundacy 
l aye r  on Lth p r o f i l e  
DSTP (L) Displacement thickness a t  t h e  t h r o a t  (cm) 
f o r  boundary layer  on Lth p ro f i l e .  
Function which is  0 when t h e  co r rec t  geometric . 
a rea  r a t i o  hzs been found 
Fpf F value i n  previous s t e p  of i t e r a t i o n  
IC$UNT I t e r a t i o n  counter 
L D# index over channel p r o f i l e s  
. . 
SQRTA 
Routine nrune f o r  c a l l  t o  DUMP rout ine  
Square roo t  of geometric a rea  r a t i o  
Indica tor ;  1.0 i f  downstream so lu t ion  is 
des i red  by c a l l i n g  rout ine ,  -1.0 i f  upstream 
so lu t ion  is  des i red  
Axial  coordinate in  nozzle (cm) - 
Temporary s torage  f o r  previous value of X 
Value of X i n  previous i t e r a t i o n  
Geometric ord ina te  of first p r o f i l e  i n  a 
channel (cm) 
yOzO,product of p r o f i l e  ord ina tes  a t  t h e  
t h r o a t ;  one-fourth of  t h e  geometric t h r o a t  
a rea  i n  a channel (cm2) 
Geometric ord ipa te  of second p r o f i l e  i n  a 
channel (cm) 
Subroutine AXFIT 
Geometric a rea  r a t i o  
Indica tor ;  -1.0 upstream of t h r o a t ,  1.0 
downstream 
4.73 Subroutine AXSECT 
L i s t  of species  f o r  which cross  sec t ion  da ta  
a r e  wanted (common arr: -) 
Index of f i r s t  species  i n  species  pair  
Location of  species  11 i n  t h e  I a r ray  
Index of second species  i n  species  p a i r  





















































































































D X I  
Xntcrmediate q a l i t y ,  cq. I (194d) i n  c u r v e f i t  
t o  shear  parameter 
C c e f f i c i e n t  of n i n  l i n e a r  approximation t o  
N(n,S,), eq. I (164)  
Yalue of i n t e g r a l  1, eq. I ( 1 7 2 ) ,  a t  t h s  b. ;in- 
n ing ~f a s t e p  i n  t h e  boundary lay-.r s o l u t i o n  
Intermediate  q u a n t i t y ,  eq. I(194e), i n  curve- 
f i t  t o  shear  parameter 
1% i n  low Mach number rag ic~n  of i n t e g r a t i o n  
from t o  f i r s t  flow poirLt  
Cosine of angle  b e t k e n  t a r ~ g e n t  t o  Lth p r o f i l e  
and the nozzle a x i s  
Intermediate  q u a c t i t y  i n  quadrat;: s o l u t i o n  
f cr dM/dx 
Irltermediate q u n t i k y  i n  q ~ a d r a t i c  s o l u t i o n  
f o r  W/dx 
dAg/dx, d e r i v a t i v e  of geometric a r c a  ratir, 
dQn Y/.'dx, logar i thmic d e r i v a t i v e  of Mach num- 
ber 
dM/dx, d e r i v a t i v e  of Macn  umber 
Der iva t ive  of nondiinensional v e l o c i t y  
Axia l  d i s t a n c e  from t h e  s r e v i o u s  flow p o i n t  
t o  t h e  c u r r e n t  one 









Size cf l a s t  previous " f ina l "  s t ep ,  a p a r t  
from sceps a t  m d e l  po in t s  
Distance from the po in t  before t h e  previous 
flow po in t  to the r revious  flow p o i n t  
Derivative of t h e  r ad ius  of t h e  Lth p r o f i l e  
with respect  t o  t h e  axial coordinate 
Coeff ic ient  A i n  eq, Ii164) 
n' , eq, I(17': 
Logic21 f l ag ;  " f ~ l s e "  when BLAYEB is c a l l e d  
during an i n t e m e d i ~ k c  ~z t l cu la t io r .  of the non- 
equiliLrium in teqra t ion;  "true" f o r  t h e  f i n a l  
ca lcula t ion  of condi t ions at each Elot~ po in t  
Intermediate quan t i ty  i n  c u r v e f i t  t o  shear  
*parmc3ter, eq. I(194) 
I ~ t e ~ e d i a t e  q m i ~ t i t y  i n  c u r v e f i t  t o  shear  
parameter 
Intermediate quan t i ty  i n  c u r v e f i t  to shear  
parameter 
Intermediate quan t i ty  i n  c u r v e f i t  +o shear 
parameter ' 
Effec t ive  speci-f ic  h e a t  r a t i o ,  Ye = a 2 w / ~ ~ ,  
used i n  ca lcula t ion  04 e f f e c t i v e  hypersonic 
p r a n ~ e t e r  
Species concentrations (moles/g) 




ROTfl0 ,  f a c t o r  f o r  converting nondimensi6nal 
enthalpy i n t o  cal/g 
Free-stream s p e c i f i c  enthalpy (cawg)  
Form f a c t o r ,  ;*/€I 
HF + 1 
Reference en t l~a lpy  
Incompressible form fac to r ,  Hinc 
HTR + 1 
Enthalpy of t h e  gas  a t  the w a l l  temperature . 
Spec i f i c  s tagnat ion enthalpy (cawg) 
Djd index 
Index for type of nozzle geometry 
ITYPC = 1 Two-dimensional nozzle 
ITYPE = 2 Axis~mnetr ic  nozzle 
ITYPE = 3 Rectangular channe 1 
Djd index 
D@ index over t h e  cold  spec ies  
Djd index running over t h e  nozzle or  channel 
p r o f i l e s  . 
Index, equal  t o  LPRIME(L) 
Equal to  2 f o r  L = 1, equal  to  1 f o r  L = 2 
Logical f lag;  " t rue"  i f  no mole f r a c t i c n  has  
changed by 0.01 s lnce  t h e  l a s t  flow poin t  a t  




a , viscosity-temperature exponent i n  eq, I 
(191) 
Max (1- ri, ,O) 
3 f o r  the boundary layer  on t h e  Lth p r o f i l e ,  
eq. I(171) 
A value' of  P used i n  the n u m r i c a l  in t eg ra t ion  
from % t o  t h e  f i r s t  £Low po in t  
See @ D l  
Nondimensional pressure,  p/pO 
(PRREF 0.56 
P r m d t l  number a t  t h e  w a l l  temperature 
Rat io of l o c a l  nozzle r ad ius  t o  t h r o a t  rad- 
i u s  f o r .  axisymmetric nozzles 
Intermediate quan t i ty  i n  c u r v e f i t  t o  Reynolds 
analogy f a c t o r  
Reynolds analogy f a c t o r  RA i n  eq. 1(195) 
Intermediate q u a n t i t y  i n  c u r v e f i t  t o  Reynolds 
analogy f a c t o r  
Reynolds nunibel: based on RO 
Nond'.mensional dens i ty  
PP P ~ P H / / J  e re 
P w  ,' i 
Radi-1s of a p r o f i l e  i n  the numerical integra-  




Hypersonic parameter a 
Intermedi2te quan t i ty  i n  t ransverse curvature 







sw + 1 
Nondimensional temperature, T/TO 
Free stream temperature, T 
Free stream temperature a t  w h i c h  t r a n s p o r t  
property ca lcula t ions  were las t  done 
Momentum thickness  based on eq. 1(185),  div- 
ided by RO 
Tf/TW, r a t i o  of reference temperature t o  w a l l  
temperature 
Logical f l ag ,  ,TRUG. i f  t r anspor t  p roper t i e s  
w e r e  ca lcula ted  a t  the  cv-rent flow p o i n t  
Reference temperature (OK) TREF 
TREFP Reference temperature a t  which t r anspor t  
p roper t i e s  'were las t  ca lcula ted  . 
Array equivalenced t o  common block /TRPR@P/, 
t o  p e r n ~ i t  processing these  d a t a  i n  a DP loop 
TRPSV (I) Array used t o  save t h e  t r anspor t  p roper t i e s  
a t  t h e  f r e e  stream temperature 
Nondimensional ve loc i ty ,  u/us (see US i n  com- 











XSAVE ( X ) 
XSNV 
r n S T  (J) 
= (L) 
ZERO 
Free stream veloc i ty ,  u (an/sec) 
Viscosi ty  a t  t h e  reference temperature (poise) 
Viscosi ty  a t  the w a l l  temperature (poise) 
VISCR/vISCW 




- Ax/a i n  sq. I(217) : weighting f a c t o r  f o r  
np i n  t h e  c l l c u l a t i o n  of t h e  averaged corre- 
- l a t i o n  p a r m e t e r ,  n 
Axial  coordinate (cm)  
Previous value of X I  
Shear pz-ameter A' , eqs. I(194) 
Previous value of x (cm) 
Temporary s torage  f o r  spec ies  mole f r a c t i o n s  
SAVEC(I) 
min ( 5 , O )  ; used i n  p lace  of ii i n  ca lcu la t ion  
of HTR t o  ensure the use of a nonposit lve 
value 
Mole f r a c t i o n  of t h e  J t h  species  used i n  t h e  
l a s t  previous ca lcn la t ion  of t r anspor t  prop- 
erties 
Axial c o o r d i ~ a t e  var iable  i n  numerical inte- 
gra t ion  from xo 
Radius of the  Lth p r o f i l e  (cm) 
4-75 Subroutine BICALL 
FINAL Logical subroutine argument ; .FALSE, when 
BLAYER is ca l l ed  during an intermediate cal-  
cu la t ion  of the nonequilibrium in tegra t ion ,  
.TRUE. f o r  t h e  f i n a l  ca lcula t ion  of condi- 
t i o n s  a t  t h e  end of each successful  integra- 
t i o n  s t e p  
Species concentrations i n  moles/g 
D@ index over t h e  spec ies  
4.76 Subroutine BXSECT 
F i r s t  index of species  p a i r  i n  V a r r a y  
Second index of species  p a i r  i n  V a r r a y  
Value of KQ for s t e p  L of c ross  sec t ion  compu- 
t a t i o n s  
Index of s t e p  i n  c ross  sec t ion  computations 
which i s  cur ren t ly  being considered 
Nuniber of s e t s  of constant  f a c t o r s  t o  be used 
i n  computations, f o r  option KQ = 14 only 
MADD Index used i n  loca t ing  spec ies  p a i r s  i n  V 
array 
MM + 1 and P.M -1-2 are t h e  locat ions of t h e  cur- 
r e n t  species  p a i r  i n  the V a r r a y  
Index 05 last ;>armcter  i n  V a r r a y  f o r  s t e p  
L-1 of thc con~putations 













I C ~ U N T  
ICYCLE 
IPAI 
yn kf, n a t u r a l  logarithm of the forward r a t e  
constant  
~ I I  kr, n a t u r a l  loyarithm of  the reverse rate 
constant  
P n  ( C  p *Y.  ) , where t h e  sum i s  over the t h i rd -  
body species i n  a reac t ion  
ri i n  eq. I(321c) 
Concentration ( 7 . ) of t h e  Jth species  (mole/g) 
3 
Dj?l index over t he  r eac t iozs  
Equal co 1 f o r  a n e u t r a l  spec' 5 ,  equal  t o  2 
f o r  a charged ( ionic)  spec ies  
Counter f o r  number of t i m e s  CfdW has been 
c a l l e d  i n  a run 
I n t e r v a l  i n  IC@UNT a t  ~ P l c h  ISW5B i s  s e t  equal  
t o  1 t o  provide diagno:,Lc dumps i n  subrou- 
t i n e  C W ,  EXACT, RNKT, and PRTA 
Index of atomic species  produced i n  cu r ren t  
reac t ion  f o r  KiT(I) = 4 
D@ index over the  species  
Indica tor  f o r  temperature dependence of for- 
ward reac t ion  rate constant ;  f o r  KF = 1, kf 
i s  a function of T; for KF = 2, it is a func- 
t i o n  of T,. For othcr values of KF, see dis-  







Indica tor  for temperature dependence of re- 
verse  reac t ion  rate constant ;  f o r  KR = 1, kr 
2s a f\.nction of T; f o r  HI = 2, it is  a func- 
tion of Te 
Logical ir ldicator f o r  method of ca lcu la t ion  
of PICHI(1) ; for L$%C = .FALSE., PICHI(I) is  
computed zs Pi Z i ;  f o r  L@C = .TRUE., it is  
ca lcula ted  as - e x ~ i E n  Pi+ i n  (1- Xi)] t o  
avoid poss ib le  underflow of t h e  exponential  
function i n  Pi = exp (,i.n Pi) 
Energy t r a n s f e r  t o  the e lec t ron  gas a s  a re- 
s u l t  of e l a s t i c  c o l l i s i o n s  (cal/cm3 sec)  
$i i n  eq. I(323b) 
Effec t ive  nozzle radius  f o r  l o s s  02 resonance ' 
r ad ia t ion  
Logical ind ica to r ;  i f  .TRUE., R has  a l ready 
been computed f o r  cur rent  flow point 
k f i  forward r a t e  constant  
kr, reverse r a t e  constant  
n 
Optica l  thickness  Sased on R f o r  rzsonancc 
rad ia t ion  









y ewer t h e  third-body speclzs f o r  a reac- 
t i o n  j 
Col l i s ion  frequencv f a c t o r  yei i n  t h e  calcu- 
l a t i o n  of enel-j-y t rar isfer  t o  t h e  eleckron gas 
by e l a s t i c  c o l l i s i o n s  
Electron-ion e l a s t i c  c o l l i s i o n  frequency ( Yei) 
divided by t h e  i o n i c  species  concentration 
Y j  
( 8 / 3 ) m  e% / ( 2 k 1 ~ ' ~ ,  where me i s  the 
e l e c t r o n  mass (g ? , e i s  t h e  el?=l tronic  charge 
(esu),  No i s  Avogadro8s c ns tant ,  and k i s  
Boltzmann8 s constant  
Electron-neutral  c o l l i s i o n  frequency ( v ) 
divided by t h e  n e u t r a l  species  concentratPdn 
~ j )  
Radius of f i r s t  channel p r o f i l e ,  cm 
Radius second channe 1 p r o f i l e ,  
$n u, n a t u r a l  logarithm of flow ve loc i ty  i n  
cm/sec 







DELI 1 ( L) 
DELI2 (L) 
DEI@l(L) 





4.78 Subroutine CSSECT 
New index of spec ies  f o r  which o ld  index i s  J 
Second index of spec ies  p a i r  
F i r s t  index of spec ies  p a i r  
Tenlporary va r i ab le  
4.79 S u h r o ~ ~ t i n e  DERIVS 
Temporary s torage  f o r  s p e c i f i c  hea t  of t h e  
e l ec t rons  
T e ~ ~ ~ p o r a r y  s torage f o r  t h e  nondimensional gas  
temperature T/T 0 
* 
' i1 f o r  t.he Lth p r o f i l e  (eq, I(424) 
* 
i 2  f o r  t h e  Lth p r o f i l e  (eq. 1(424)) 
* 
01 
fo: t h e  Lth p r o f i l e  (eq, 1(424) ) 
* 
5 02 f o r  t h e  Lth p r o f i l e  (eq, I(424) ) 
Denominator i n  eq, I(424) 
~emporary  s torage  f o r  nondimensional enthalpy 
of t h e  e l ec t ron  gas (%/ROTo) 
Dfd index over spec ies  
Counter f o r  i t e r a t i o n  t o  obtain se l f -cons is ten t  
so lu t ion  f o r  t h e  boundary layer  displacement 
thickness  (Section 7.6 of Vol. I) 
D@ index over p r o f i l e s  
Temporary s torage f o r  nondimensional entropy 
of tl-.e c lcc t ron  gas ( s e O / ~ , )  
Matrix init ia1i.y cant-aining t h ~  c o e f f i c i e n t s  
and cons tants  f o r  a system of l i n e a r  equations 
t o  be solved: 
The c c e f f i c i e n t s  a jk  are s tored  i n  t h e  locatj-ons 
~ ( j , k ) ,  f o r  j = l  t o  i and k=l t o  i, The constant  
terms bj a r e  s tored i n  ~ ( j , i + l ) ,  f o r  j=l t o  i. The 
solu t ion  values xk a r e  wr i t t en  i n t o  t h e  loca t ions  
~ ( k , i + l )  f o r  k=l t o  i, t h a t  is,  the loca t ions  or ig i -  
n a l l y  occupied by t h e  bj. 
N~niber of equations i n  the system t o  be solved 
DJd index running from 1 t o  I 
DP index running from 1 t o  I 
Error  ind ica to r ;  nonzero value ind ica tes  sin- 
gu la r  matrix 32  c o e f f i c i e n t s  
Counter f o r  matrix elements during rewri t ing  
of the matrix i n  close-packed form 
F i r s t  index f o r  close-packed form.of matrix 
Number of columns already f i l l e d  i n  closc- 
packed matrix 
C o l m  index (second index) i n  close-F ~ c k c d  
matrix 
F i r s t  dimension of A i n  the dimen~ion s t a t e -  
ment i n  the c a l l i n g  rout ine  
N1 N c  1 
RNAEPE Routine name f o r  c a l l i n g  Dm@ rout ine  
'4.81 Subroutine GLPIP 
1 R N M  Name of rout ine  fro11 which DUMP was c a l l e d  
I 4-82 Subroutine _WMP3:; 
f 
e: No l o c a l  var iables .  
t 
4-83 Subroutine EICgND 
Species index 
$ 
f SIGMA ELectr ical  conduct ivi ty  i n  mhos/cm 
i 
i 
t I SSIG 
f %.- 
(e /k )  2,/ f i  
4.84' Subroutine ELTIME 
CELLED M g i c a l  i 'ndicator,  i n i t i a l l y  .FALSE., set t o  
.TRUE, when ELTIPIE i s  f irst  c a l l e d  
DET Elapse$-1 time s ince  l a s t  p r in ted  time (seconds) 
ET Elapsed time from beginning of execution 
(seconds) 
ETM Elapsed time from b e g i ~ n i n g  of execution 
(minutes) 
ET@ ET argument value passed from c a l l i n g  rout inc  
ETP Previous value of ET@ 
Elap:.;cd t i m e  from s t a r t  of execution i n  m i l i i -  




Control f o r  p i , in t ing  the  time; zero value 
supprzssed the  p r i n t  
Energy gained by t h e  dlectron gas i n  t h e  fcr- 
ward d i rec t ion  of a r eac t ion  (cal/mole) 
Negative of t h e  energy gained by t h e  e l e c t r c n  
gas i n  t h e  reverse reac t ion  (cal/mole) 
R e ~ c t i o n  energy t o  be p a r t i t i c n e d  between 
r a d i a t i v e  losses  and heat ing of the  e l ec t rcn  
gas,  G o  (cal/mole) 
Reaction index i n  the  l ist  of r eac t ions  f o r  
t h e  current  gas  node1 
Indica tor  (IT1i) of the  r u l e  Far p a r t i t i o n i n g  
t h e  react ioLi  cilcrgy i n  t h e  current  reac t ion  
Energy l o s t  by rad ia t ion  i n  t h e  forward reac- 
t i o n  (cel/mole) 
Negative of energy l o s t  by rad ia t ion  i n  t h e  
rever.ie reac t ion  (caL/inole) 
Universal gas  constant ,  cal/mole-OK 
Electron temperature (OF) 
3Rd2, where Ro i s  t h e  universa l  gas  constant  
i n  c a l / m o l e ~ O ~  
4.86 Subroutine EOCATX] 
Variable used t o  save and r e s t o r e  t h e  i n i t i a l  
value of the  nondimensional temperature CT 
Dpl index 
I + ISC 
Djd index 
I f ISC 
I t e r a t i o n  counter  2or Newton-Raphson solut:.on 
of eq.l.at.ions I (233)  
Pressure  ( a t m )  
Routine name f o r  c a l l i n g  D l J l P  r o u t i n e  
Temperature (OK) 
Newton-Raphsqn c o r r e c t i o n  :actor (1 + hnr) t o  
mole f r a c t i o n s ,  eq. I(235) 
4-87  %rout ine  EXACT 
AAA (L,14) Array of coei 'Ticients and constdnt  s for s1.s- 
tern of l i f i  a r  equat ions  
DGJ (J) 
Dpl i i ~ d c x  
Dpl index over species 
I - ISC 
Number of equat ions  t o  be s o l v r i  f o r  l 3 t e s  
of c l ~ a n g e  o.i dependent v a r i a b l e s  during t h e  
nonccpli l i l~riur:!  i n t e g r ~ t i o n  
2- 2. ' f o r  chesicel.  nor?-, ~ i l i h r i u r n  
j=1 '0 dx 
d -v n T d7'. 
models; 3 4 + - J f o r  c l c c t r n n i c  ncn- 
To d: j = 2  TC d~ j 
SUMTDG 
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. . C H * 'H. 
- I f  +A- 4F 3 i - c , j  3-c Ref j=l 
0 
(U/u,) 2/wo 
4.88 Function EXP 
Value of funct ion 
Subroutine argument 
4-89 Subroutine FINDX , 
. Geometric. a rea  r a t i o  (from c a l l i n g  routine) 
Geom~tr ic  area r a t i o  -based on a t r i a l  value 
of X 
Derivative of eomstric a rea  r a t i o  w i t h  res- 
-9 pect  t o  X (cm 1 
Slope of  Ith p r o f i l e  i n  channel 
Error  i n  geometric a rea  r a t i o  AR at current  
value of X 
Smallest  negative e r r o r  i n  AR f o r  any previous 
t r i a l  value of  X 
Smallest  p o s i t i v e  e r r o r  i n  AR f o r  any previ- 
out  t r i a l  value of X 
Indica tor  of e n t r y  point ;  1 f o r  FINDX, 2 f o r  
FINDXC 
Index (1 o r  2) of the  p r o f i l e  whose ord ina te  
v a r i e s  most rap id ly  downstream of t h e  th roa t  
i n  a channel 
I t e r a t i o n  counter 
RNAEIE Routine name fo r  call, t o  DUMP routine 
U p D W  Indicator; -1.0 i f  upstream solution is  de- 
s i red,  1.0 i f  downstream solutio:? is desired 
UPPER Logical indicator;  .TRUE.. i f  a posi t ive  ERA 
has been found a t  some t r i a l  value of X 
V Trial value of I x I (cm) 
VL Tris  l value of I X 1 corresponding. t o  e r ro r  
ERRL 
BLV- ( I) 
BLVARS (I) 
CTSAVE 
Trial value of I X I  i n  - previous i t e r a t ion  s tep 
T r i a l  villue- of \ XI corresponding t o  e r ro r  
ERRU 
F ina l  solut ion f o r  X (an) 
Ordinate of the I"& pro f i l e  in a channel 
4.90 Subroutine FF@ZEQ 
Common variable,  used here f o r  the geometric 
area ratio 
Sound sseed (cm/sec) 
Arr3.y equivalenced t o  the  contents of common 
block /BLOUT/ 
BLVAR values a t  preceding f l o w  point  
BLVES values a t  the current  regular flow 
point;  used i n  interpolat ing a t  a model point  
Logarithm of the  molecular weight i n  the  res- 
ervoir 
Nondimensional temperature a t  the  regular 
flow point following a model point  
CTSTAR The nondimensional temperature (CT) value at 
the flow point preceding the  throat ,  i n  sol- 
ut ions including the  boundary layer 
CT1 Second most recent t r i a l  value of CT i n  the 
i t e r a t i o n  t o  f ind the conditions a t  a model 
point  ' 
-. 
CT2 Most recent  t r i a l  value of CT i n  i t e r a t i o n  
t o  f ind +he conditions a t  a m o d e l  point  
CXSA7?E X coordinate of the  regular flow point  fol-  
laving a model point  
DELBw (1) For I = 1, 2, the  nondimen~ional boundary 
layer  displacement thickness fo r  the Ith pro- 
f i l e  a t  t h e  preceding f low point  
DELBLP (I) For I = 1, 2, t he  nondimensional boundary 
layer  displacenient thickness fo r  the Ith pro- 
@-. 
f i l e  a t  the point  before the preceding flow 
point  
DELT Decrement i n  nondimensional temperature CT i n  
calculat ion of frozen th roa t  conditions 
DELTSV Variable used t o  save the  input value of DEfiT1 
DELTV Current decrement i n  nondimensional tempera- 
- .  . -Lure CT- --.. - . 
1 ERRX ~ o s i e i o n  e r r o r  i n  i t e r a t i o n  t o  determine the  
i conditions a t  a model point  
FLAG Indicator  fo r  upstream and downstream regions, 
fo r  use by the  geometry subroutines. Negative 
1 .  value indicates  an upstream position, posi t ive  
value a downstream posi t ion 
f 
values  of nondimensional m a s s  f l u x  i n  i t e r a -  
t i o n  t o  determine the  frozen t h r o a t  condi- 
t i o n s  




Indica tor  f o r  i t e r a t i o n  to  take  the bourdary 
layer  displacement thickness  i n t o  account i n  
t h e  determination of r e se rvo i r  conditions,  
IPASS = 1 causes a re tu rn  t o  the main program 
a f t e r  the --oat has been reached 
-. 
IRSTRT Counter f o r  ntunber of times so lu t ion  has  been 
r e s t a r t e d  with a lower value of W t o  suppress 
i n s t a b i l i t y  Cue t o  coupling of t h e  boundary 
layer  and the  inv i sc id  so lu t ion  
Indica tor  f o r  type of flow s o l ~ t i o n :  
ISgLN = 1 Frozen so lu t ion  
I S ~ L N  = 2 Equilibrium so lu t ion  
Indica tor  f o r  region of flow solut ion:  
I S ~ N I C  = -1 Upstream region 
ISj8NIC = 0 S m i c  p o i n t  
ISpENIC = 1 Downstream region 
Counter f o r  number of flow p o i n t s  beyong the 
t h r o a t  
ITS Index of t h e  next spec i f ied  t e s t  sec t ion  dia- 




Dg index over gas  spec ies  
Dfb index 
Indica tor  f o r  last po in t  i n  flow so lu t ion  ( a t  
a = CXMAX) 
Djd index w c r  channel p r o f i l e s  
Logical indica tor ;  i f  .TRUE., a model p o i n t  
i s  being ca lcula ted  
Dpl index 
NMPI count& fo r  number of i t e r a t i o n s  t o  determine 
t h e  conditions a t  a modt L po in t  
w 1.0 
SI7IP Logical var iable  used t o  ind ica te  t h a t  con- 
d i t i o n s  a t  a model po in t  have j u s t  been det- 
ermined 
S $ ~ ( I , J )  Hol l e r i th  a r r a y  
-- 
SWTCH J a g i c a l  indica tor ;  i f  .TRVE,, FRgZEQ has be- 
;Gun taking t h e  displacement thickness  i n t o  
account i n  ca lcu la t ions  of t h e  flow-point 
pos i t ion  
S2 
TSTEPC Logical ind ica to r  f o r  s p e c i a l  c o n t r o l  of t e m -  
pera ture  decremect far downstream, t o  prevent  
d is tance  of successive floiv po in t s  from becom- 
ing too  l a rge  
Nondimensional temperature values i n  i t e r a t i o n  
t o  determine Erozen t h r o a t  condi t ions 
Distance from preceding flow p o i n t  t o  model 
poin t ,  divided by dis tz . lce  from preceding flow 
po in t  t o  cu r ren t  p o i n t  
Posi t ion of preceding flow po in t  (cm) 
~ o d e l - p o i n t  pos i t ion  (cm) 
Pos i t ion  of t h e  next  model po in t  i n  t h e  geo- 
metr ic  sequence of model po in t s  (em) 
Pos i t ion  of t h e  preceding flow po in t  (a) 
Posi t ion  of the  po in t  before  t h e  preceding 
flow po in t  (cm) 
A2 




Position of the  flow point  corresponding t o  
the second most recent t r i a l  value of CT i n  
the iteratirhn t o  f i n d  the  conditions a t  a 
model point  (cm) 
Position of the  flow poirtt  mrresponding t o  
the  most recent t r i a l  value of CT i n  the  it- 
erat ion t o  f i ~ d  the conditions a t  the mudel 
point  (an) 
Effect ive area r a t i o  corresponding t o  the  cur- 
r en t  t r i a l  value of /3, based on the  area rati-o- 
densi ty re la t ion ,  eq. I(383) 
Square of the  e f fec t ive  area  r a t i o  
pOdAe/dp , derivat ive of the  e f fec t ive  area 
r a t i o  with respect  t o  nondimensional densi ty 
Correctian i n  nondimt-.nsional densi ty 
1 DELSTP 
Absolute value of the difference between p /  p0 
and the  nondimensional density a t  the  throat ,  
based on approximate solution near throat  
Displacement thickness a t  the  throat  (an) 
[ d2 ( fn ~ , ) / d x ~  1 , the  second derivat ive of 
the  logarithm of*the e f fec t ive  area r a t i o  a t  
the  th roa t  
index over the p rof i l es  i n  a  channel 
I t e r a t i on  counter 
NSUJ 
f 
Number of upstream sect ions i n  the  curvef i t  t o  




1 .t -/2, where 0~ i s  the exponent i n  the 
density-area r a t i o  re la t ion I(383) 
Routine name for c a l l  t o  DUMP 
-1 i f  dAddx is  p o s i t i v q + l i f  dA,/dx is  nega- 
t ive  
Consistency check on x and p values; if gos- 
i t i v e ,  x and /, data a re  inconsistent 
4.92 Subroutine GE@MAR 
Geometric area r a t i o  
Difference between X and the  x-coordinate of the 
center of a c i rcular  prof i le  section 
/&, derivative of geometric area r a t i o  
(2-1) 
Slope (derivative) of ordinate fo r  I t h  pro- 
f i l e  
Slope of ordinate for  f i r s t  prof i le ,  after 
rescaling area 
Slope of ordinate fo r  second prof i le ,  a f t e r  
rescaling area 
Index of two prof i les  
Index of entry point: 1 -  GEfdMAR; 2 - GMAR; 
3 - GMAR2; 4 GMAR3 





s I ( T )  
CCI (I) 
Index f o r  the  sect ions  i n  a p r o f i l e  
Index for the  p r o f i l e  section i n  which X 
lies 
Number of sect ions i n  a 'profi le  minus 1 
Difference i n  ordinate between a point  on a 
c i r cu l a r  p r o f i l e  sect ion and the circle center  
(a) 
Ordinate of the I t h  p ro f i l e  (an) 
Ratio of a p r o f i l e  ordinate t o  the ordinate 
at the  t h roa t  
-1.0 for I = 1, + 1.0 fo r  I = 2 
Square root  of area rescal ing fac tor  RSA 
Unrescaled geometric area r a t i o ;  o r  r a t i o  of 
ordinate t o  ordinate a t  the  th roa t  f o r  I t h  
p r o f i l e  . 
Derivative of geometric area r a t i o ;  o r  r a t i o  
of der ivat ive  of ordinate t o  ordinate a t  the  
th roa t  fo r  I t h  p ro f i l e  (ao1) 
Axial coordinate i n  nozzle (cm) 
Ordinate f i r s t  p ro f i l e  
Ordinate of 'second p r o f i l e  (cm * 
4.93 Subroutine INGAS 
Qk,number of gram-atoms of the kth chemical 
element per mole of the  cold gas 
~ n t e m e d i a t c  variable i n  the  calculat ion of 
the mo1.ecular weights of species from atomic 
weights of elements . . 
Species index 
Index running from c + 1 t o  n 
J Element index 
Index running from 1 t o  c 
Int2ex running from c + 1 t o  n 
Durmny var iab le  used f o r  accumulating summa- 
t i o n s  
SPRP (M, 11) 
4.94 Subroutine mTIT 
Species index i n  t h e  current  gas model 
Species index i n  t h e  master list of spec ies  
Index of add i t iona l  v i b r a t i o n a l  modes i n  tri- 
atomic molecules 
Number of e l e c t r o n i c  l e v e l s  f o r  a spec ies  
Index of the e l e c t r o n i c  l e v e l s  f o r  a spec ies  
Array containing spec ies  property da ta  i n  com- 
mon /SPEC/ 
Reservoir temperature To (OK) 
4.95 Subroutine KANDMU 
Species index 
5 Species index 
Index of property being calculated; L = 1 
for  t rans la t iona l  thermal conductivity, 
L = 2 f o r  v iscosi ty  
- ( H I  Weighting factor  used i n  computing a 
from eq. I(86) 
Variable used t o  accumulate numerator i n  
W- I(86) 
Temporary variable used i n  computing denomi- 
nator i n  eq. I(86) . 
Temporary variable used i n  computing numer- 
a to r  i n  eq. I(86) 
Y Tcmsorzry variable,used for  accumulating 
c!enomirator i n  eq. I(86) and numerator i n  
eq. I(85) 
ZK (L) ZK(1) * f i  is  the  t rans la t iona l  thermal con- 
duct iv i ty  i n  r n i l l i ~ a t t s / c m - ~ ~ ,  Z K ( 2 )  * fi is 
the viscosi ty  i n  mil l ipoise 
i 
f 4-96 subroutine KINT 
Species index 
Summation index fo r  sum over species p a i r s  
with J < I 
Index of property being computed (see discus- 
sion of KINT i n  Sec. 3.28) 
Species index 
Swnmatioll index for  sum over species pairs 






ZKINT JT i s  the i n t e r n a l  thermal conducti- 
vity in rnilliwatt/cm-OK' 
4.97 Subroutine LIST 
Qk, number of gram-atoms of the  k th  chemical 
element per mole of tke cold gas 
Hol ler i th  a r ray  f o r  output ( see  DATA s t a t e -  
ment ) 
Hol le r i th  a r ray  f o r  c . t p u t  (see DATA s t a t e -  
ment) 





KDIM 4- 1 
Number of spec i f ied  d is tances  WXI from t h e  
leading edge of a wedge model 
b j ,  eqs. I(51) 
Formation enthalpy of the J t h  species, cal/mole 
Charac te r i s t i c  v i b r a t i o n a l  temperature f o r  the  
J t h  species ,  OK 
Hol l e f i th  a r ray  for output (see DATA statement) 
BIG 
4.98 S u b r o u t i n e  MATINV e 
Original  matrix; replaced by inverse 
'I'emporary s torage  used i n  interchanging col-  
umns 
Temporary s torage  used i n  interchanging rows 
Temporary s torage used i n  reduction of off-  
diagonal elements 
P ivo ta l  element i n  a column ( l a r g e s t  absolute  
magnitude) 
D$ index 
Index a r ray  f o r  recording interchanges of rows 
Temporary s torage used i n  interchanging I V  
elements; a l s o  D@ index 
Index of cur rent  row; r e s e t  t o  index of next 
row 
Index of preceding row 
Index of cu r ren t  row 
F i r s t  index of 
K +  1 
Djd index 
Equal t o  MM 
Size of matrix 
p i v o t a l  element 
invertec 
column 
F i r s t  dimension of A in.  dimension statement 











Routine name < ~ r  c a l l i n g  DUbP r o u t i n e  
4.99 Subm u t i n e  MBDEL 
Ra t io  o f  t h e  current ,  e s t ima te s  of tlle pres-  
su re  p2 and the d e n s i t y  p2 bellin2 t h e  shock 
Conversion f a c t o r  from atm t o  dyne/cm 2 
Parameter cha rac t e r i z ing  low d e n s i t y  e f f e c t s  
on t h e  s tagnat ion-point  i leat  f lux,  E K~ (per  
f o o t )  
Mean molecular  weight of  t he  gas  ahead of t h e  
shock, g/mole 
Temporary s to rage  f o r  nondimensional f r e e  
stream temperature CT 
Computer t i m e  used i n  mod..l c a l c u l a t i o n s ,  
seconds 
Discriminant i n  q u a d r ~ t i c  s3 lu t ion  f o r  t h e  
p re s su re  behind t h e  equi l ib r ium normal shock 
Exponent.of L e w i s  number i n  Fay-Riddell h e a t  
t rc tvqf  e r  c o r r e l a t i o n  (equi l ibr ium boundary 
l a y t  . I = 1, frozen boundary l s y e r  I = 2) 
Temporary s to rage  f o r  e  l e c t r o n  mole f r a c t i o n  
a t  s tagna t ion  p o i n t ,  t o  permit ou tpc t  of e lec-  
t r o n  concent ra t ion  
Density r a t i o  € = pl/ f ac ros s '  normal shock 
Previous e s t ima te  of E 
H o l l e r i t h  e q u a l i t y  sign used i n  ou tpu t  
Most r e c e n t  p o s i t i v e  e r r o r  i n  t h e  nondimen- 
s i a n a l  en tha lpy  i n  i t e r a t i v e  s o l u t i o n s  f o r  
condi t ions  behind the  normal shock and a t  t h e  
i n v i s c i d  s t agna t ion  p o i n t  




Elapsed time since the beginning of the run 
when @DEL is entered, seconds. 
Species concentrations, moles/g 
i 
-. ' i -- ----.--.-..------- I i-1. I 
Most recent negative e r ror  i n  the nondimen- 
sional  enthalpy 
Current e r ror  i n  the nondimensional enthalpy 
Elapsed t ime  since the beginning of the run, 
seconds 
I 
aithalpy of formation ,of the gas mixture a t  
the stagnation point 
.. . 
- -  t 
i 
Conversion factor ( ~ ~ f l g ~ )  from nondimensional 
enthalpy t o  enthalpy in  c a v g  
Nofidimensional kinet ic  energy per uni t  mass 
of the gas ahead of the shock, (u&) */2 
Free-strsam static enthalpy (cal/g) ; used in 
f lat-plate calculation 
Logical v-ari&le; i f  ,THm,, a posit ive enthalpy 
er ror  has already been obtained i n  the i tera-  
t ion  
Recovery enthalpy (cal/g) in  f lat-plate calcu- 
la t ion 
Ratio of tlie dissociation enthalpy t o  (he-%) 
En tha l~y  a t  the inviscid stagnation point, 
Reference enthalpy 'cay'g) i n  f lat-plate calcu- 
la t ion  . 
Gas enthalpy a t  the wall temperature of the 
stagnation point model, cal/g 
Nondimensional enthalpy behind the normal 
shock 
I@ index 
IC- I terat ion counter 
XSfiLN Index specifying the t ~ o  types of no,?nal- 
shock solution (equilibrium ISj?hd? = 1, frozen. 
1sgw = 2) 
ISSSP1 Number of l ines  of output required for the  
mole fractions a t  the  inviscid stagnation 
point 
. . 
Index of chemical elements 
I@ index 
Model-shape index % 
=C@ (1) For I = 1, 2, stored values of LMSC fo r  the i: ': equilibrium arid frozen nonual shock solutions t 
LIMl Lower l i m i t  cf implied Dg loop fo r  output of F 
, mole fractions 
LIM2 Upper l i m i t  of implied DjB loop for  output of 
mole fractions 
I E W C  Number of data items frcm the SCmT array t o  
be printed for the current normal shock solu- 
t ion  
u?j Logi 2al indicator; i f  .TRUE., a negative en- 
tha-lpy er ror  has already been obtained i n  the 
. i t e ra t ion  
N ' D@ index 









2 2 4 Pl ul , ah-Fjcm 3 
Prandtl number a t  the model wall  temperature 
Stagnatioil pressure, atm 
PI + ~ l u l ~ ,  atm 
Pressure ahead of the shock, atm 
Pressure behind the normal shock, atm 
Stagnation point heat flux times the square 
root of the nose radius for an equilibrium 
boundary layer (hemispherical model L = 1, 
f lat-faced model L = 2) , ~tu/f t3l2-sec 
QFRF (L) Stagnation point heat flux times the square 
root of the nose radius for a frozzn boundsry 
layer (hemispherical model L = 1, f lat-faced 
model L = 2 ) .  %tu/ft3I2-sec 
p1T21T1 
Factor used in calculating QFRE and QFRF 
QSRI Stagnation point heat f lux times the square 
root of the nose radius based on the S R I  ap- 
proximation, ~ t u / f t ~ / ~ - s e c  
QUANT ( I) Hollerith names of output quanti t ies in S C N T  
array 
W S T R  Density a t  reference temperature i n  f la t -plate  
calculation 
Density ahead of the shock, g/cm3 
:. [ R2 Density behind the shock, g/cm3 
- f 
I SCOUT (I) Array used for output of model conditions 
f " 
i 
; - \ 
. [ &-,.. 
- - SQTE 
T1 
T2 
U l  
VGP (L) 
Array equivalenced t o  common block ;/STAG/ t o  
p e m i t  set t ing these data i n  the D@ loop over 
1SP)LN 
Shock standoff distance divided by model rad- 
ius  (hercispheric~l. L = 1, f lat-faced L = 2) 
Square root of the shock density ra t io ,  6 
Ratio of the stagnatioil-point heat flux for  
the current model geometry t o  tha t  for  an axi- 
symmetric model (two-dimensional model K = l, 
axisymmetric ,K = 2) 
TZ va3.ue corresponding t o  enthalpy er ror  ERRHI, 
OK 
Hollerith data used i n  output 
TZ value corresponding t o  enthalpy er ror  ERRI(b, 
OK 
Reference temperature i n  f la t -plate  calcula- 
t ion,  
0 Temperature ahead of the shock, K 
Temperature behind the shock, OK 
Velocity ahead of the shock, cm/sec 
Velocity gradient parameter (Rdul)(due/dx) 
(hemispherical model L = 1, f lat-faced L = 9) 
4.100 Subroutine NEWRAP 
Species concentrations, mole/g 
D# index; a lso J -t I S C  
I C ISC 
D# index 
I + I S C  
ISSNR + 1 
ITS 
ISC + 2 
Logical indicator; .TRUE, when the F;as model 
contains no dependent species 
Routine name for  cal l ing DUMP routine 
Correction factors l++h,r t o  the mole fractions, 
eq, I(260) 
Correction factor  l+hg+l t o  the pressure 
4,101 Subroutine NEXTMP 
Index nf the next specified t e s t  section dia- 
mete. .
Coordinate of the next model point i n  the 
geometric sequence of model points, an 
Coordi,.. ~ t e  of the modei point a t  the next 
sper;.fied t e s t  section diameter, cm 
Coordinate of the next model point, cm 
4.102 Subroutine NflNEQ 
Temporary storage location used i n  interchang- 
ing 'rows of 0 matrix during determination 




Absol~te  value oif a S X  value i 
Jn. iloooo) 
Array eguivalenced t o  the first 10 locations 
of common block / B W /  
Storage fo r  the correct values of CAI(I) t o  
allow resett inq CAX(1) when the a r t i f i c i a l  
increase of reaction rate constants has been 
used t o  prevent premature switching from the 
perturbation technique t o  the numerical inte- 
gration . 
Array specif yinq elemental composition af the 
gas mixture i n  the reservoir; cI(K) is the 
nuniber of gram-atoms of the Kth element per 
gram of mixture 
Number of gramatoms of an element per gram 
of mixture a t  the end of a successful integra- 
t ion  step 
- C 
Largest 14 . ( for any reaction . 
I 
Smallest 16 x 1 for any reaction 
%, correction i n  concentration of ' K t h  
chemical element required a t  the end of an 
integration s tep (eq. I (3 44) , g-ato;n/g 
Nondimensional boundary layer displacement 
thickness for the Lth profi le ,  &L/RO, a t  
the s t a r t  of an integration s tep 
DELT Nondimensional temperature interval  i n  the 
perturbation solution, A T  \ /To 
t 
i 
DELTSV Input value for  DELTl 
t 
Maximum allowable change i n  the energy trans- 
f e r  t o . t h e  electron gas i n  one integration 
s tep 
Largest allowable s tep s ize  for the f i r s t  
integration step a f t e r  the switch frola ths 
perturbation solution 
Step s ize  A x  i n  the preceding integration 
s tep (cm) . 
DXSAVE Temporary storage for  saving and restoring 
the integrakion s tep s i ze  when a reduced step 
is used t o  calculate the.conditions a t  a 
model point (cm) 
Concentration of the J t h  species, rj, 
GSQ (3) Square of GJ(J) 
f 
f 
0 HDXSAV One-half of DXSAVE, an 
t 1 
D@ index 
ICpIUNT Counter for number of times a s tep has been 
res tar ted with reduced s tep s ize  
I 
i IERR Error exif i ~ d i c a k o r  ( s e e  subroutine l i s t ing )  i 
(N? Array f o r  storing and printing out IFAIL 
values for  successive r e s t a r t s  of a step (see 
glossary for common block /TNERK/) 
I + ISC 
Index of the reaction with the largest  1 
Counter fo r  nuniber of times the a r t i f i c i a l  
increase i n  ra te  constants has been used t o  
prevent premature switching from the  pertur- 
bation technique t o  numerical integrat ion 
I ISMCP l n_- c + 1 
'- ISTEPS Zounter f o r  nunber of integrat ion s teps  
ISUBD Counter for number of times the temperature 
i n t e rva l  AT has been cc?. ir, half  i n  an attempt 
t o  f ind a point  i n  t he  perturbation solution 
sa t is fying the second inequali ty of eq, I(381) 
ISUPR (I) Array of indices of the  reactions which are 
suppressed when the  decrease of a minor spec- 
ies is found t o  control  the integrat ion s tep  
IS5 Input value of ISW5B 
ITAPE Number of records wri t ten  on the  binary out- 
pu t  tape since subroutine THRgAT w a s  ca l led  
ITS Index of the  next model point  defined by a 
specified t e s t  section diameter 
3X Rank of the f i  matrix i j 
12 Index used i n  calculat ing the  rank of fiij 
Index used f o r  various purposes 
Index used for  various purposes ' 
Index used i n  calculat ing the  rank of /3 i j  
Dj?S index 











W D l  
Index used i n  calculat ing the raik of Pij 
N-ar of react ions suppressed when the  de- 
crease 02 a minor species i s  found t o  con- 
t r o l  the  in tegra t ian  step 
Energy t r ans fe r  to the  electron gas a t  the 
preceding flow poin,t, cal/cm3 sec 
Ratio of the smallest and l a rges t  1 dri\ val- 
ues 
Factor by which the forward r a t e  constant is 
increased i n  the  a r t i f i c j - a1  increase of a 
react ion r a t e  t o  prevent premature swi  -zing 
from the  perturbation technique t o  the numer- 
ical integrat ion 
Subroutine name f o r  ca l l  t o  DUMP routine 
Factor by which the  s tep  s i ze  A x  is  divided 
when an integrat ion s tep  f a i l s  and has t o  be 
res ta r ted  
Change i n  the concentration Y of the  J t h  
species i n  an in tegra t ion step j 
Electron temperature (OK) 
Gas temperature (OK) 
Temporary storage for  TPRINT 
Position of next model point,  cm 
Coordinate of the next model point  i n  the 








A S P I ~ ( I , J )  
ASTRSK 
CHDIMS ( L) 
Logical i n d i ~ a t o r ,  s e t  to  ,TRUE. when NE2CTMP ' 
is  f i r s t  c a l l e d  t o  determine 5CblfdDEX.1 
Temporary s torage  ' I 
4 , 1 0 3  Subroutine MZMFX 
Decrement of nokdimens i o n a i  t e G e r a t u r e  
- I 
Mass flux values i n ,  i t e r a t i o n  t o  determine 
equilibrium sonic  flow condit ions 
Species concentrations,  mole/g 
D@ index over spec ies  
D@ index over spec ies  I 
f 
Nondimensional temperature values i n  itera- 
t i o n  t o  determine t h e  equilibrium sonic  f l o w  
condi t ions 
! d 
- 3 
F1  - F2 + F3 - F2 1 
4 , 1 0 4  Subroutine @UT& I 
Hol le r i th  word "ARAT" I 
I 
Geometric a rea  r a t i o  I 
Ho l l e r i th  a r ray  containing names f o r  types 
of so lu t ion  (see DATA statement) 
Hol l e r i th  word f i l l e d  w i t h  a s t e r i s k s  
Transverse dimensions of a channel a t  t h e  cur- 
r e n t  flow poin t ,  inches 
Molar hnat  capaci ty  a t  constant pressure,  divided 
by Ro 
DARAT Derivative of the geometric area r a t i o  
DEL Electron density, electrons/cm3 
I DELSTP (L) Displacement thickness on the Lth prof i le ,  cm 
DGJ (1) 4 y./dx, derivatives of species concentra- 1 
-- . 
t ions, mole/ g - a n ,  
I DLGDX (I) d RnYi/dx for  the I&& species 
DNAM Hollerith work "DIAM" 
EMF Mole fraction of the electrons 
FAREA Effective cross-sectional area of the flow a t  
the throat,  an2 
FLX M ~ S S  flux, ibm/ft2-see 
Fvjd2 (1, J) Array used for output of SN and XSN 
([.,*; GAMMA Ratio d specific heats, 7 = cdcv 
GJ (1) Species concentrations, mole/g 
I H@T Enthalpy , ~ t u / l b  
a 
L 
HW Enthalpy a t  the  nozzle wall, ~ t u / l b  
Stagnation enthalpy , ~ t u / l b  
I Dp index ' 
IBL Index such tha t  FVgUT (IBL) is the boundary 
layer displacement thickness on the nozzle 
wall o r  nn the broad face of a channel 
1 IF LAG Indicator for  entry points t o  subroutine 
IFLAG = 1 Entry $UTl 
IFLAG = 2 Entry jdUT2 (IsjdLN) 
, 
; ! , . c -A 11 Index 7 4- 10*I 
Indica tor  f o r  type of so lu t ion  
Is$IJS = 1 Frozen 
ISplLN = 2 Equilibrium 
ISgLN = 3 Nonequilibrium 
(ISS-1)/51-1, number of l i n e s  of output re- 
quired f o r  p r i n t i n g  t h e  species  mole frac- 
t i o n s  
Cclmt.jr of records w r i t t e n  on tape  8 f o r  a 
given flow solu t ion  
Index of t h e  f i r s t  F~j?kJT(I)element o  be 
p r in ted  on a l i n e  
Index of t h e  las t  FVpUT(1)element ta  be 
pr in ted  on a l i n e  
Counter; nmiber of  flow p o i n t s  p r in ted  s ince  




Index of first species  mole f r a c t i o n  t o  be 
p r in ted  on a l i n e  
Index of l a s t  species  mole f r a c t i o n  t o  be 
p r in ted  on a l i n e  





TNNAM ( I) 
Density, lb/£t3 
.VARN2 (I) 
Entropy, ~ t r / l b m - O ~  
Hol ler i th  ar ray (cee DATA statement) 
l/ [ p  u (hO-hw)3 , (~tu/ f  t2-sec)-I 
Tota l  mass flow, Xb/sec 
Nollerith array of variable names (see DATA 
sta ternent) 
Array used foz output of quan t i t i es  fo r  elec- 
t ron ic  nonequilibriuh model 
Temperature, OK 
~ o l l b r i t h  ar ray used t o  indicate  whether non- ! 
equilibrium solution i s  based on perturbation 
technique (INEQ = 0) or  numerical integrat ion 
(INEQ = 1) 
Velocity, f t/sec 
Array of Hollerj-th names fo r  output ~ a r i d b l e s  
(see DATA statement) 
Array of Holleri th names f o r  N, XSN 
Holler i th  word "WIDTH" I 
Distance from nozzle ax i s  t o  nozzle surface 
(or t o  f i r s t  p r o f i l e  i n  the  case of a channel) 
Distance from axis t o  second p r o f i l e  of a 1 
channe 1 1 I 




Temporary s torage used i n  computing sums 
Temporary storage used i n  camputirq sums 
4.106 Function PIgMEG 
Index of e n t r i e s  i n  c ross  sect ion table 
Cross ~ e c t i o n  value returned t o  the c a l l i n g  
:! -u t ine  
0 Electron t e m ~ e r a t u r e ,  R 
4.107 Subroutine PRaP 
D$ index over species  
Routine nane f o r  c a l l  t o  'DUMP 
4,108 Subroutine PRTA 
Speed of sound, cm/sec 
I 
IDBG 
F i r s t  index of species  p a i r  
Count t o  determine when debug output i s  pro- 
duced 
Second index of spec ies  p a i r  
Option KQ t o  be useu i n  s t e p  L of the compu- 
t a t i o n s  
Type of cross  sec t ion;  f i r s t  index of Q(ICK,I,J) 
Index of current step in cross section compu- 
ta t ions  
. --. 
Index of species pa i r  i n  IQ,JQ array 
Index of f i r s t  species pair i n  I Q I  JQ array 
t o  be used i n  step L of cartputations . 
Index of last species qa i r  i n  IQ, JQ-array 
t o  bt used i n  step L of computations 
Index of f i r s t  parmeter i n  V array t o  be used 
i n  step L of computations 
Variable' for  temporary storage of moss se afi, 1) I 
, @4(3) - 
WTE = ,TRm. indicates tha t  debug output i 
has been produced i n  the current c a l l  t o  i 
PUTQIN t 
i 
Electron p a r t i a l  pressure i n  atmospheres 
? 
4,110 Subrm t i n e  QCPIUL 
Control variable, For C > 0, Rn (f A) is  
computed from eqs. I(100) ; for  C F 0 ,  R'n ( f A) 
is set t o  1 
0.8Qc (see eq. 1(100b)) 
Electrun h a r t i a l  pressure i n  atmospheres 
2 20,91Y = (f A) (see eqs. I(100c) and I(100d) ) 
4.111 Subroutine OEX 
A Coefficient A jn eq. I(104) for  the exchange 
cross section 
Coefficient B i n  eq. I(%04) for the exchange 
cross section 
I m ( K )  from option; 
i 
i i 
1 v (MI Input parameters W fvr option 
i 





4,112 Subroutine QEXP 
Coefficient Z+/k i n  OK for the exponential 
potential 
Quantity oc 
position of  first entry i n  tabulated co l l i s i on  
integrals for the exponential potential 
Computed cross section values (see subroutine 
QEx) 
Characteristic length ,P for the exponential a 
potential  i n  8 
4.113 Subroutine QINTRP 
Value of independent variable t o  be used 
i n  interpo3.ation 
Interpolated value of J t h  dependent var- 
i ab l e  
Interpolat ion is performed between en t r i e s  
I and S + 1 of the  table 
Index of dependent var iable  
N u m b e r  of  ek t r ies  i n  table 
Location of first e n k q  i n  table 
N2 + 1 is the  locat ion of the  last entry 
i n  t ab l e  
4.114 Subroutine OIJ 
W e l l  depth parameter E /k fo r  the  liennard- 
Jones potent ia l ,  i n  OK 
Posi t ion of f i r s t  ent ry  i n  tabulated 
cross  sect ions f o r  the  Lerinard-Jones 
potentia  1 
Computed cross sect ion values (see 
subroutine QM) 
SIGMA Collision diameter a f o r  the LennardJones 
potent ia l ,  i n  I( 
Nondimensional temperature, kT/€ TSTAR 
V (MI Input parameters W f o r  g t i o n  
4,115 Subroutine QMIX 
F i r s t  index of species pa i r  
Second index of species p a i r  
Type of cross section, i,e., first index 
of Q(K,I,J) 
Index of species pa i r  i n  IQ, JQ array 
Index i n  IQ, JQ array of f i r s t  species p a i r  
t o  be used i n  corr.p~tai;ion 
Index i n  IQ, JQ array of last species p a i r  t o  . 
be used i n  computation 
4,116 Subroutine QREPP 
~ o c a t i o n  i n  @MEGA1 array where da.h a r e  stored ITL 
ldM(K) Computed cross socizion values [see subroutine 
Q W  
Input parameters W fo r  option 
4.117 Subroutine QSA-VE 
Constant by which previously computed cross 
sections a re  multiplied 
F i r s t  index of species pa i r  f o r  previously 
computed cross sections 
Second index of species pa i r  f o r  previously 
computed cross sections 
JdM(K) Computed cross section values isee subroctine 
QE) 
W (M) Input paraxeizers C V  for option 
4,118 Subroutine QTAR 
Constant multiplying fac tor  f o r  tabulated 
cross sections 
Location of first entry  i n  tabulated cross 
section data  , 
h-er of en t r i e s  i n  tabulated cross section 
data 
Computed cross section values (see s u b r o ~ t i n e  
Q=) 
Input parameters W f o r  option 
4,119 Subroutine 011 
Location i n  IQ, JQ list of the f i r s t  species 
p a i r  t o  which the ramp function is t o  be ap- 
plies 
Location i n  IQ, JQ list of the last species 
p a i r  t o  which the ramp function is t o  be applied 
Temperature i n  OK beyond which cross sections 
are s e t  t o  zero 
Temperature i n  OK beyond which cross sections 
a re  unchanged 
Input parameters W fo r  option 
Input parameters for subroutine 914 
. 4.120 Subroutine Q12 
F i r s t  index of f i r s t  previously computed 
species pa i r  
Second index of f i r s t  previously computed 
species pa i r  
F i r s t  index of second previously computed 
species pa i r  
Second index of second previously ccxnputed 
species pa i r  
Index cross section 
Computed cross section values (see subroutine 
a=) 
Input psirameters W for option 
4.121 Subroutine Q13 
Constant by which cross section i s  multiplied 
F i r s t  index of species pa i r  
Second index bf species pa i r  
Type of cross section t o b e  cowuted 
Type of cross section t o  be used i n  computa- 
t ion 
Location of species pa i r  i n  IQ, rTiZ list 
Location i n  IQ, JQ l is t  of f i r s t  species pa i r  
t o  be used 
.. 1 
U 2  Location i n  IQ, JQ list of l a s t  species pair  
t o  be used 
W (MI Input parameters W for .option 
4,122 Subroutine Q14 
-.C2 - (282) Constant applied t o  n
C3 Constant applied t o  'B + fi (1,l) 
T Fi rs t  index of species pair  
J Second index of species pair  
1 M Location of species pair  i n  IQ, JQ list 
Location i n  IQ, JQ list of the f i r s t  species 
pair  t o  be used with the set  of multiplying 
factors 
(1 ,: U22 Location i n  18, JQ list of last species pair  i t o  be used with the s e t  of multiplying fac- 
E tors  
5 
$ w (MI Input parameters W for  opcion 
i 
i 4.123 Subroutine RAbIUS 
AG Geometric area ra t io  
I 
AGJ Factor propprtional t o  r2j i n  eq. I(171) 
ITYPE Indicator for type of nozzle gametry 
ITYPE = 1 Two-dinensional nozzle 
ITYPE = 2 Axisymmetric nozzle 
I W E  = 3 Chanr~el 
Index of profiles (1 for a nozzle, 1 or 2 for 
a channel) 
i 





2 for  L = 1; 1 for  L = 2 
Distance from ax i s  t o  prof i le  
Axial coordinate i n  nozzle or channel, cm 
Distance from axis  t o  L t h  prof i le  i n  a chan- 
nel  
4.124 Subroutine READ 
N m e r  of atoms of the K t h  element per mole- 
cule of the I th species, a s  obtained from the 
SPRP array 
Hollerith chemical symbol for  the element with 
ztomic n&er IZ 
Number of gram atoms of the Ith ckemical 
element per molecule of the cold gas 
Array for addressing the channel data i n  com- 
mon block /CHAN/ 
Molecular weight of one of the cold species 
Error. i n  rounding A t o  an integer LP 
Array for  zeroing common block /TNCE/ 
Hollerith name for  the K t h  element i n  one of 
the cold species 
Array for  addressing the element data i n  com- 
mon block /ELEM/ 
EXPMP Exponent used i n  computing tiie factor (FACMP) 
used t o  generate a geometric sequence of dis- 
tances ;: a t  which model calculations w i l l  be 
done 
FNMP Nwnber of model points i n  geometric sequence, 
minus 1 
GPRP (I, J) Array for  addressing the gas model data i n  com- 
mon block /MIXT/ 
m d v  Estimate of stagnation enthalpy based on Wino- 




Index of an element i n  a species, i n  the mas- 
t e r  list of elements 
IGMV Number of electronic levels i n  a species 
- IGS Input value of IGAS 
Index used i n  place of subscripted integer 
variables 
IPRFL Index used i n  place of subscripted integer 
variable, NPRmL (J) 
ISH A value of ISHAPE(K,J) 
ISKLm Index of a third-body species i n  the master 
list of species 
IUPDI I n i t i a l  d u e  of IUPD 
I IZ Atomic number of an element defined i n  the i n p u ~  using EEPRP i '  
I J Dj?S index 
i 
i; 
JDP1 DIM -1- 3 
JPS 
JRS 
Index used i n  p:.ace of a subscripted in teger  
var iable ,  J C S  (I) 
Index of a species  on the  product s i d e  of a 
reac t ion ,  i n  tF.e master l ist of spec ies  
Index of a species  on t h e  reac tant  s i d e  of a 
reac t ion ,  i n  the  master l ist of species  
D@ index 
Index of an element i n  a c o l d  species ,  i n  the 
master list of elements 
L Dpl index 
LL Index used i n  obtaining t h e  PARAM a r ray  f ron  
the  d a t a  s tored  i n  the ZPRP a r ray  
I LP Integer  obtained by rounding AL 
N A T ~ ~ M  Number of atoms of an element i n  a molecule 
of a species  
NELS Number of elements i n  a species  
NK Number of t h i r d  body species  f o r  a r eac t ion  
Index of the  nozzle p r o f i l e  i n  t h e  precoded 
geometry C i t s  
NPSS Number of product spec ies  f o r  a reac t ion  
NRSS Number of reac tan t  spec ies  f o r  a reac t ion  
i NSECTD (J) Number of downstream sec t ions  i n  the p r o f i l e  c u r v e f i t  f o r  the  J t h  p r o f i l e  of a channel or nozzle 
NSECTJ Index used i n  place of dimensioned in tege r  
va r i ab le ,  NSECT ( J )  
N S M l  NSECT(J) - 1 
PINE 1.0 
PLUS Hol le r i th  + sign 
RPRP ( 1 , ~ )  Array for addressing reac t ion  d a t a  i n  common 
block /REAc/ 
SBJ (J) bj:  eqs. I (51)  
SETIGS Logical indicL.tor ; .TRUE. i f  automatic a i r  
model se lec t ion  option i s  i n  e f f e c t  
SHAPD . Array of Hol l e r i th  da ta  f o r  descr ibing the  
shapes of nozzle p r o f i l e  sec t ions  
SHJAP (I) Formation enthalpy of the  J t h  species ,  cal/mole 
S P N W  (I) Array of nominal species  names f o r  spec ies  de- 
f ined  i n  t h e  input  
SPRP (I ,J) Array f o r  addressing species  da ta  i n  common 
block /SPEC/ 
SYI(K) Array of Hol l e r i th  left parentheses 
SY2 (K) Array of Hol l e r i th  r i g h t  parentheses 
. THEVP (I) Vibrat ional  temperature f o r  the  I t h  species ,  
OK 
m p ( I , J )  Array f o r .  addressing thermal nonequ i l ib r im 
da ta  i n  common block /TNE/ 
i WldRD (1 , J)  Hol le r i th  da ta  f o r  output of the  words "two- dimensional" and "axisymmetric" 1 
w-2 ( 1 )  Holler i th  da ta  for output of the  words "gap" 









Array f o r  addressing the  geometry data i n  com- 
mon block /N@Z/ 
4.125 Subroutine RESET 
Elapsed time s ince  the  beginning of the  run 
i n  mill iseconds 
CPU time remaining before TIME,Gfl, m i l l i -  
seconds 
Entry po in t  indica tor :  I N  = 1, RESET; I N  = 2, 
TTME 
CPU time remaining before TIME.G$ a t  c a l l  t o  
RESET, mill iseconds 
4.126 Subroutine RZSTMP 
Matrix of c o e f f i c i e n t s  f o r  system of equations 
i n  quadra t ic  in te rpo la t ion  f o r  t h e  r e se rvo i r  
temperature 
Constant terms f o r  system of equations i n  qusd- 
r a t i c  in te rpo la t ion  f o r  t h e  r e se rvo i r  tempera- 
t u r e  
~ ~ ( m * / ~ , - , )  2, i n  which Ro i s  t h e  universa l  gas 
constant ,  ma t he  known sonic  mass f lux ,  and 
po t h e  r e se rvo i r  pressure,  a l l  expressed i n  
cgs u n i t s  
Previous est imate of r e se rvo i r  temperature, OK 
For I = I t o  3 ,  successive est imates  of t h e  
r e se rvo i r  t empera tu~e ,  the value f o r  I = 1 be- 
ing t h e  most rccent ,  OK 
Temporary s torage f o r  the  reservoi r  temperature 
0 
est imate used i n  the cur ren t  i t e r a t i o n ,  K 
The d i f ference  between the  two most recent esti- 
mates of t h e  r e se rvo i r  t e m p r a t u r e ,  OK 
DCTAP Absolute value of t h e  d i f ference  between the  
current  and improved est imates  of the  ,oaer- 
vo i r  temperature, OK 
DcTAPpI 
DMC 
DCTAP i n  the  previous i t e r a t i o n  s t ep ,  OK 
Intermediate quant f ty  i n  quadr? t ic  interpola-  
0 t i o n  f o r  the  recervoi r  temperature, K 
Intermediate q u a n t i t i e s  i n  l i n e a r  interpola-  
t i o n  f o r  t h e  r e se rvo i r  temperature, OK 
For I = 1 t o  3 ,  successive est imates  of the 
quan t i ty  Woe (SN) , t he  value f o r  I = 1 being 
'the most recent ;  W i s  t h e  molecular weight i n  . P t he  rc- servoi r  and M t h e  nondirnensional s m i c  
mass f lux  
H 
HERR 
Calculated value of r e se rvo i r  enthalpy, cal/g 
Allowable e r r o r  i n  c a l c  1 t lated s tagnat ion en thalpy 
ca l/g 
Calcula,ted s tagnat ion enthalpy i n  previous i t e r -  
a t i o n  s tep ,  cal/g 
D$ index 
Index f o r  s h i f t i n g  da ta  i n  CTSAVE and F a r rays  
Indica tor  f o r  s i n g u l a r i t y  of AM n a t r i x  
I t e ra t ion ' coun te r  f o r  main i t e r a t i o n  
I t e r a t i o n  counter f o r  temperature ca lcu la t ion  
i n  z n t h ~ z p y  option 











Reservoir pressure,  dyne/cm2 
Allowable r e l a t i v e  e r r o r  i n  reservoi r  pres- 
sure 
Previous est imate of r e se rvo i r  pressure,  atm 
t n i v e r s a l  gas  constant  i n  cgs u n i t s  
Hol l e r i th  name f o r  cal l i , rg  DiJMP routi i ie 
Allowable e r r o r  i n  sonic  mass f lux ,  cj,'cm2 sec 
Calculated sonic mass f lux ,  g/cm2 sec  
Allovrable r ~ l a t i v e  e r r o r  i n  r e se rvo i r  temper- 
at=x?rc 
Previous est imate of r e se rvo i r  t e m p e r a t u r e I 0 ~  
4.127 Subroutine RNKT 
d Y ./dx, de r iva t ives  of species  concer.tr,. 3 
t i ons ,  mole/g-cm 
Twice DQMAX; c r i t e r i o n  value foz allowabln- 
changes i n  energy t r a n s f e r  t o  t h e  e l ec t rons ,  
QDPE, . cal/cm3 sec 
Array equivalenced t o  F1 (J) , F2 (J) , F3 (J) 0 
F4 ( 5 )  
fl, der iva t ive  of t h e  J th  dependent var iable  
a t  the  s t a r t  of t h e  in teg ra t ion  seep 
f2, der iva t ive  of t k e  Jth dependent var iable  
a t  x2,y~ (eq. I(334a)) 
, der iva t ivc  of the J t h  dependent va r i ab le  
at x3rY3 (cq* I (394b)) 
QDPEB 
SDGJ (J) 
, derivat ive of the  J th  dependent variable 
where y4 is given by I(394c) o r  I(405) 
i 
1 
Array equivalenced t o  G J 1  (J) , GJ2 (J) , GJ3 ( J )  , 
GJ4 (J) 5 
$ 
i 
yl, the  J t h  dependent vcariable a t  the  s t a r t  1 
of the integrat ion step ! 1 
YZ8 the  Jth dependent variable a t  x2 (eq. I(394a) ) j 
y3, thE J t h  depzndent variable a t  x3 (eq. I(394b)) 
I 
y4, the  Jth dependent variable a t  x4 (eq. I (394c) 
o r  T(405) ) 
Indicator fo r  type of formula used t o  c m p ~ t e  GJ4(J) ; : 
IF#R=l fo r  1(394c), IF'@R=2 f o r  eq. I(405) 
Indicator fo r  locations i n  subroutine a t  which 
diacpostic dumps a r e  wri t ten  (see l i s t i n g )  
Index of dependent variables : 
J = l t o n  
' j J - n + l  T 
J = n + 2  




Number of dependent integrat ion variables 
Parameter (-P A x) for the J t h  dependent vari- 
able, eq. I(402! 
Electron energy t rans fe r  (QDPE) a t  the  start 
of the integrat ion step,  cal/cn3 sec 
Change i n  7 .  over an integrat ion step,  mole/g 
. I  
Change i n  Jth dependent c iable over the 
integration step 
Temporary storage in  computation of I (398a) 
Eor small P A X  
Temporsky storage in computation of 14398b) 
for small P A X  
Temporary storage i n  computation of I(398c) 
for small  P A x  
Logical indicator, .TRUE, for chemical non- 
equiiibriuxt models, ,FAISE, for electronic 
nonequi librim mode 1s 
Temporary storage in  computation of I(398a) 
for small P A X  
Temporary storage i n  cmputation of 1 (398b) 
for small P ax 
Temporary stcrage i n  cmputation of I(398c) 
for small P A X  
F, (eq. 1-(398~)) 
f2-fl 






. . BME' 
i DEL 
The quantity s i n 2 c  - B, where u is =e 
shock angle 
M2+ 2 2 The quantity - I- + sin oc] . where M is 
the free-stream ~ i h  number. 1 the specific 
heat ratio, and a the body angle 
Tine quantity ALP s i n 2 ~  + c 
Free-streun Mach number, M 
M ~ ,  square of the PIach rider 
The quantity 
Cosine cf the body angle, cos o< 
The body angle oc ; inclination of the wedge 
surface to  the direction of free-stream motion 
(degrees) 











Array lzsed for conmunicatifig r e s u l t s  t o  the 
c a l l i n g  r o u t i n e  
FL(1) shock zngle 
FL (2)  bbch nurnber bek-.:.nii shock 
FL(3) Density r a t i o ,  p2/ /sL 
FL(4) S t a t i c  pressure r z t i o ,  pZ/pL 
FL(~) S t a t i c  temperature r z  t i o ,  T,/T, 
L 
FL(6) T o t a l  p re s su re  r a t i o ,  pt2/p;1 
F L ( ~ )  Ratio,  TStadTl 
Deriva t ive  dF/du of the funct ion F(u)  
Specific tea t  r a t i o  Y 
Arguiient vhose value is set t o  2 when Newton- 
Raphson i t e r a t i o n  to  f i n d  t h e  shock angle  does 
not converge 
I t e r a t i o n  counter 
s i n 2  , where fl is t h e  shock angle  
s i n  , where is t h e  body angle  
Previous trial value of  u i n  s o l u t i o n  of cubic  
equat ion F ( a )  = 0 
Current  t r i a l  value of u  i n  so lu t ion  of cubic  
equation.  F (u) = 0 
F i r s t  so lu t ion  f o r  s i n 2  u 
Second s a l u t i o n  for s i n 2  V 
2 M~ sin o. 
BIGA 
I 
I A  







I X J  
IXTX 
11, I 2  
J 
JJ 
4.123 Subroutine SIMQ 
Matrix of c o e f f i c i e n t s  f o r  t h e  system of  equa- 
t i o n s  t o  be solved, s tored  columnwise with no 
s a p s  
Constant terms f o r  the  system of equations t o  
be solveci; these  da ta  are replaced by t h e  sol-  
u t ion  values 
P i v o t a l  ( l a r g e s t )  element i n  a column 
Row index 
Index of matr ix  A i n  back so lu t ion  
Index of recomputed a r ray  B i n  back so lu t ion ,  
containing s o l u t i c n  values 
Index of  a r ray  B i n  back so lu t ion  
Index i n  search f o r  p i v o t a l  element i n  column 
Index of p i v o t a l  element i n  column 
Index i n  el iminat ion of va r i ab les  
Index used f o r  seve ra l  purposes 
Djd index i n  el iminat ion of va r i ab les  
Index i n  el iminat ion of  va r i ab les  
Index i n  el iminat ion of va r i ab les  
Indices  i n  interchange of rows 
Column index 
Index of the  f i r s t  element i n  a column of t h e  
reduced matrix 
JJX Index i n  el iminat ion of va r i ab les  
JX Dpl index i n  el iminat ion of va r i ab les  
JY J + 1  
K Dj75 index i n  interchange of rows 
KS Error  ind ica to r ;  set t o  1 i f  matrix of coef- 
f i c i e n t s  is  singula r 
N Nuniber of equations t o  be solved 
SAVE Temporary s torage  loca t ion  used i n  interchang- 
ing  rows and el iminat ing va r i ab les  
WL Cr i t e r ion  f o r  value of p i v o t a l  element i n  test 
f o r  s ingular  matrix 
ASTRSK Hol le r i th  word f i l l e d  with a s t e r i s k s  
DELTT (I) Array of p r e s e t  temperature i n t e r v a l s  f o r  
t a b l e  of s s e c i e s  thermal p roper t i e s ,  OK 
HOO Heat' of formation of a spec ies  i n  kcal/mole 
ICARD 
I I Q J  
D@ index; a l s o  value of IQ (w) ; a l s o  value of 
I S E Q  (L) 
Counter of punched cards containing c ross  sec- 
t i o n  da ta  
Index of p r e s e t  temperature i n t e r v a l s  f o r  
thermal property t a b l e  
Index of t h e  f i r s t  spec ies  of  a p a i r  of spec- 
i e s  whose cross  sec t ion  i s  computcd i n  the  Ith 
s t e p  of the  t r anspor t  property ca lcu la t ion  
LIM 
LIMl 
Counter for  l ines  i n  the thermal property 
table with the same value of the temperature 
increment 
Number of l ines  i n  thermal property table  
Index of the second species of a pair  of spec- 
i e s  whcse cross section i s  con~puted i n  the I th  
step of the transport property calculation 
D$ index 
Index of steps iri the cross section calcula- 
t ion 
1 for  species with no thermo f i t ;  2 for spec- 
i e s  with a the,mo f i t  
1 for species with physical model data; 2 for  
species without s ~ c h  data 
Dpl index 
Index of the f i r s t  species pa i r  ( i n  the IQ,JQ 
arrays) t o  which the Lth step of the edited 
cross section computation is applied 
Index of the l a s t  species pa i r  ( in the IQ,JQ 
arrays) t o  which the Lth' step of the edited 
cross section computation i s  applied 
D@ index 
Index of the f i r s t  parameter ( in  the V array) 
used i n  the Lth step of the edited cross sec- 
t ion computation 
Index of the l a s t  parameter ( in  the V array) 
used i n  the L t h  step of the edited cross sec- 
tion computation 
NDT(I) Number of l i n e s  i n  t h e  therrr.al property 
t a b l e  f o r  which t h e  I t h  p r e s e t  temperature 
increment i s  ,used 
NNQI Number of spec ies  p a i r s  t o  which the cross  
sec t ion  ca lcula ted  i n  the  I t h  s t e p  of  t h e  
ca lcu la t ion  i s  appl ied 
-. 
T?Rgp(I,K,M) Computed thermal p roper t i e s  f o r  t h e  I t h  l i n e  
of t h e  t a b l e ;  M = 1 conta'ns the r ? s u l t s  of 
t h e  phys ica l  model, M = 2 t h e  tlit:rmo-fit 
r e s u l t s  ( i f  any) 
K = 1 Chemical p o t e n t i a l  
K = 2 Enthalpy 
K = 3' Speci f ic  hea t  
K = 4 Entropy 
TT(I) Temperature value f o r  t h e  I t h  l i n e  of t h e  
0 thermal p o p e r t y  table, I< 
1 TV Temperature value,  OK ; i ;  1 .--.-. 4,131 Subroutine THEWi 
t 
1 CCPTF Nondirnensional s p e c i f i c  hea t  based on t h e  
I i themto f i t  . 
CUT Natural  logarithm of t h e  nondimensional tem- 
pera tu re  , R n ( T / T ~ )  
E l  Logical va r i ab le ,  ,TRITE. i f  the rou t ine  w a s  
entered through t h e  en t ry  po in t  TI-EEMl, other- 
w i s e  .F&E. 
Species' index 
Index of v i b r a t i o n a l  s t a t g s  i n  a l i n e a r  tri- 
atomic species  




Logical var iable ,  set t o  .TRUE. i f  t h e  spec- 
ies thermal p roper t i e s  arc t o  be ca lcula ted  
b y  "mixing" r e s u l t s  from the phys ica l  model 
and the thermo f i t  
Number of e l e c t r o n i c  s t a t e s  i n  a species  
Nondimensional enthalpy based on t h e  thermo f i t  
Nondimensional entropy based on the  thenno fit 
Temporary s torage  f o r  a value required in t h e  
entro2y ca lcu la t ion  i o r  a l i n e a r  t r ia tomic  
spec ies  
See eq. I ( 5 6 : ~ )  
See eq. I (56c)  
See eq, I(56d) 
Weight of t h e  phys ica l  model results i n  t h e  
"mixed" ca lcu la t ion  of spec ies  p roper t i e s  
Weight of t h e  thermo f i t  r e s u l t s  i n  t h e  "mixed" 
ca lcu la t ion  of  species  p roper t i e s  
XMTI? Chemical p o t e n t i a l  based on the thermo f i t  
r e s u l t s  
Dummy vaviabie  used i n  ca lcu la t ions  of  elec- 
t r o n i c  state cont r ibut ions  t o  spec ies  proper- 
ties 
Difference between the  temperature and t h e  
switchover temperature CTMXXI from t h e  physi- 
c a l  model t o  t h e  thermo f i t ,  OK 
Storage f o r  intermediate values i n  ca lcu la t ions  
of t h e  v i b r a t i o n a l  cont r ibut ions  t o  species  
p roper t i e s  
4.132 subrout ine THRJ~AT 
Geometric a rea  r a t i o  
Djd index 
1.0 
Dummy argument f o r  c a l l  t o  AGS@W 
4.133 Subroutine TRANSP 
Molecular weight dependent f a c t o r  used in 
t r anspor t  ca lcu la t ions  (see eqs. 171) 
Mean molecular weight W for t h e  mixture 
Nondimensional frozen s p e c i f i c  hea t  a t  con- 
s t a n t  pressure  f o r  the mixture, W c /R 
pf 0 
CSAVE (I) Array f o r  saving previously computed values 
of t h e  nondimensioJ.al s p e c i f i c  hea t s  CCPJ (I) 
CTSAVE Variable f o r  s ~ i n g  previous value of  t h e  ten* 
perature r a t i o  CT 
Species index 
Species index 
Gas pressure i n  atmospheres 
J TTAB 
SSIG Factor used i n  computation of  e l e c t r i c a l  con- 
d u c t i v i t y ,  (e/k) */ fi 
Temperature i n  OK Lor which t r anspor t  calcula-  
t i o n s  are t o  be made 
TTAB 
See eq. (173) 
See eq. (173) 
m l ( I )  Factor proport ional  t o  ,the noleculer  weight 
f of spec ies  I (see eq. (171)) 
i 
4.134 Subroutine WEDGE 
i 
A (Y i. 1)/2, where r -. s p e c i f i c  h e a t  r a t i o  
AE Free-molecule accommodation c o e f f i c i e n t  f o r  
i h e a t  t r a n s f e r  
f 
i 
I ALMm . Minimum angle of a t t a c k  f o r  ca lcu la t ion  of 
I free-molecule hea t  f l u x  (0.01 radian)  
E / ALPHA Angle of a t t a c k  i n  radians  
[ 
F AM Free-stream Mach number M 
I 
AMD Double-precision Mach number for c a l l  t o  sH$CK 
rou t ine  
E 
k AND Input angle of a t t a c k  i n  degrees o r  ANMIN, I i whichever is  l a rge r  
t 
ANMIN Minimum angle of a t t a c k  for oblique shock cal-  
cu la t ion  (10-4 degree) 
i 
! APR ( IA) S t a t i c  pressure r a t i o ,  p2/p1, based on t h e  
i oblique shock ca lcu la t ion  f o r  t h e  IAth angle 
? 
i 
AST (I?) Hol le r i th  a r ray  f o r  marking h e a t  f luxes  which 
i a r e  a t  the  free-molecule l i m i t  wi th an a s t e r i s k  j 
1 
ASTQ (IT) Hol l e r i th  blank o r  a s t e r i s k  f o r  1Tth column of 
' . 










EP S 2 
ElWV 
1 P (T*)/ p(T1)] ' [T~ /T*]  i see Sec. 8.2.2, 
Vol. I 
Angle-of-attack parameter (eq. I (481c) o r  
I (501))  
H e a t  t r a n s f e r  c o e f f i c i e n t s ,  CH 
C o e f f i c i e n t  0.332 A € 'T N 2 t  f o r  c a l c u l a t i n g  
cH from S* 
C o e f f i c i e n t  0.332 A E 
Single -prec i s ion  va lue  equa l  t o  r 
Boundary l a y e r  displacerttent th ickness  a t  t h e  
IT th  p o i n t  a long  t h e  wedge 
C o e f f i c i e n t  7 -k3/8 E 
Q u a n t i t y  DFAC t / ( z ~ ) ~  
Parameter N = M d ~ / ~ e ~  
Q u a n t i t y  G = ( 7 - 1 ) / ( 7 + 1 )  
Q u a n t i t y  1 + e r f  ( S  s i n  o( ) used i n  c a l c u l a t i n g  
free-molecule l i m i t  t o  h e a t  f lux 
-(S sircx) 2 Q u a n t i t y  c i n  free-molecule h e a t  












3 Logical variable,  set t o  ,TRUEe when calcula- 1 
t ions  have been done for  a l l  of the specif ied 3 i 
distances fr~.rr the  leading edge for  given $ 
angle of at tack and nose radius 
4 
Array used by subroutine SH@K t o  communicate : 5 
i t s  r e su l t s  t o  WEDGE, See glossary of symbols 1 
i n  SH@K fo r  def in i t ions  of the elements of FL 
Specific-heat r a t i o ,  Y 
Double-precision value of GAMMA, f o r  c a l l  t o  
SH@K routine 
Factor used i n  calculat ing r : equal t o  ~ / Z A ~ E  bI 
f o r  the  mcdified Cheng-Kemp theory, and t o  
9' k/2 A2 E fo r  the  unmodified theory 
Coefficient k/2A2e i n  GFAC 
Mean molecular weight ~f gas, g/mole 
Y *  
Ratio mo of enthalpy a t  the  w a l l  t o  the  
free-stream stagnation enthalpy 
Gas enthslpy a t  the  wall temperature, cal/g 
Free-stre:un stagnation enthalpy, cal/g 
Index of angles of a t tack 
Index of angle of at tack a t  which c l a s s i c a l  
oblique, s5ock solution gives a detached shock 
IERR Error  ind ica to r  f o r  c:.issical obl.iquc shock 
so lu t ion ,  s e t  i n  SI@CK rout ine:  
0 Detached shock 
1 Attached sllock - normal case 
2 Convergence f a i l u r e  
IF'M Control var iable ;  r e s e t  from 0 t o  1 i f  any 
hea t  f l u x  value i s  reduced t o  the free-  
molecule l i m i t  
Index of leading edge r a d i i  
Abso'ute value of ISW9B 
'Index of columns i n  t h e  output t a b l e  
ITAB Index of blocks i n  t h e  output table 
ITH Index equal  t o  1 f o r  t h e  modified Cheng-Kemr, 
theory, equal  t o  2 f o r  the  unmodified theory 
Value of ITEl before  r e s e t t i n g  because of 
IERR = 0 
ITHS 
Implied D@ index i n  WRITE statements 
Index of po in t s  i n  t h e  uniform sequence of 
d i s t a r c e s  from t h e  leading edge 
Index of spec i f ied  d i s t ances  from the leading 
edge 
Parameter' n , eq. I(502) PIMEGA 
PFAC 
PFAK 
Quant i ty  4 A~ E ?  M ~ /  7 k2 
Coeff ic ient  PFAC ( 'L. N) i n  formula f o r  pres- 




Free-otrean pressure,  atm 
PRATI@ 







Ratio of pressure on wedge to  free-stream 
p=ssure, u p 1  
Pressure on the wedge a t  the  ITth distance 
from the leading edge, at- 
Free-molecule l i m i t  t o  the  heat  f lux for  the 
I A t h  angle of at tack,  Btu/ft2-sec 
Coefficient 0 . J 8 P f  5 plae J R T ~ / ~  ir W in 
calculation of f ree-molecule heat  flux, eq. 
I(512) 
Coefficient S* + [ v  -- 4 (7+1) T V / T ~ ] / ( ~ - ~ )  
i n  free-nolecule heat  f lux calculation, eq , 
I(512) 
Heat f lux t o  the  wedge a t  the  ITth distance 
from the leading edge, Btu/f t2-sec 
Reynolds number per foot 
G a s  conbtant (8.314 x lo7 e r g h o l e  OK) 
Free-stream density, p 
Holleri th routine name f o r  c a l l  . t o  subro*:.tinc: 
DUMP 
Dynamic pressure p u 2 11 
Free-molecule flow parameter M 
Quantity Jzzl  + i n  modified Cheng-Kemp 
calculation; i n  unmodified calculation 
6 
S sin d 
TAU 









Parameter x = 0.664 + 1.73 
Free-stream temperature, T 
1 
D i a m e t e r  of leading edge, incl- 
Ratio of wedge surface temperature t o  free- 
stream temperature 
Reference temperature, (1 + 3 v0) Td6, 
where To is the  free-stream stagnation- 
perature behind a frozen normal shock 
Free-stream veloci ty,  ul 
Holler i th  array fo r  iabel l ing the  output as 
being based on the  modified o r  unm0diZ;r'ied 
Cheng-Kemp theory 
Free-stream viscosi ty,  Ib/f t-sec 
Square of -1eadingsdge drag coeff ic ient  , k2 
k3 
k4 
Next distance from the leading edge i n  the  
specif ied uniform sequence, inch 
Next separately specified distance £ran the lead- 
ing edge, inch 
Coordinate x pa ra l l e l  t o  the free-stream f l o w  fo r  
a point on the surface of the wedge a t  a distance 
XW(1T) from the leading edge; XC = XW(IT) -cos rn , 
inch 
Distance from the leading edge up t o  which merg- 
ing ef fec ts  are important (inch); see eq, I(510a) 
Distance from the leading edge beyond which the  
strong-interaction approximation breaks down 
(inch) ; see eq. I (Slob) 
The.ITth specified distance from the leading edge, 
inch 
Shock ordinate a t  the  ITth distance from the lead- 
ing edge, inch 
Coefficient u2k3/8 A ~ E  i n  calculation of shock 
ordinate 
YSFAC 
; I YSFAK Coefficient YSFAC- t/ ( 2 N) i n  calculatian of shock 
ordinate 
  on dimensional shock ordinate z ;  eq, I(481a) Z 
ZERg 
ZETA Nondimensional coordinate 5 para l l e l  t o  free- 
stream flow; see eq. I (481b) 
3 4 Coefficient 16 E / Y k ZFAC 
ZFAK 
ZTA(IT) 
Coefficient ZFAC- ( z N) 6/t 






z.,' as a single-precision value 
4,135 Subroutine lES5LN 
Coefficient 3fi i n  i n i t i a l  approximation 
to 
Coefficient f i  in  i n i t i a l  approximation t o  X 
Logical variable used t o  bypass resett ing of 
the "C" coeff ic ients  a f ter  the f i r s t  c a l l  t o  
WEsgI'N 
Angle of  attack parameter, r 
1. The "C" symbols are coeff ic ients  i n  the 
Cheng-Kemp analytical so l~ i t ion  of the Cheng 
equation for r = 0 
d ). /d 5 for Newt~n-Raphson iteration 
I t era t ion  counter 
SQTL 6 
I XL h t 
Z Nondimensional shock ordinate,  z : 
ZETA Nondimensional c o o r d i ~ a t e  < p a r a l l e l  to the  I 
d i r e c t i o n  o f  free-stream flow I 
ZT ca lcu lated  using t r i a l  value of h 
ZZP zz ' 
ZZPP (zz' ) ' 
4.136 Subroutine XSECT 
Because a number o f  symbols are  used for  d i f f e r e n t  pur- 
poses  i n  d i f f e r e n t  s e c t i o n s  of  subroutine XSECT, the  simbols 
used i n  each s e c t i o n  o f  the subroutine are  def ined separate ly  
be low. 
Statements t o  Statement 40 
Revised index for species J i n  master species 
l ist (common variable) 
Index of species in master species list 
Revised i.ndex for species not included i n  
transport c a l c u l ~ . ~ i o n s  
Count of species 
Revised index for species included i n  trans- 
port  calculations 
Statements 40 to ' l10  
Species index 
Index of steps i n  the cross section calculation 
i n  the order i n  which they a re  carried out 
KIJ Index i n  packed lists of species pa i rs  t o  
which edited cross section data are  applied 
Index of parameters f o r  a single step of 
the cross section calculation 
Index ic packed l i s t  of parameter values for 
a l l  stels of the cross section calculation 
Species index; step of cross section computa- 
t ions  
F i r s t  indsx of species pa i r  
Index of the Kth step i n  the cross section 
calculation, equal t o  ISEQ (K) 
Total number of parameters i n  V array 
Index of the option to  be used i n  the Kth 
step; also, number of parameters used i n  
step 
Statements 110 throush 190 
Revised index for species J i n  master list 
(common var iab le) 
F i r s t  index of unused species pair  
Second index of species pair  referenced i n  
V array; species index i n  master species 
l ist  
Index of s p e ~ i e s  added t o  cross section com- 
putation 
Index i n  master species l ist  ot bpecies added 
to cross section computations 
Index of step in cross section computations 
F i r s t  index of species p i r  referenced in  V 
a r r  a:'
Location of species pair  i n  IQ, JQ array 
Location i n  IQ, JQ array of f i rs t -species  
pair  for step 
Location i n  IQ, JQ array of l as t  species pair 
for step 
Dummy variable (not used) 
Statement 190 t o  Card XSE 213 
F i r s t  index of species p a i r  computed with 
option KQ = 10 
Second index of species p a i r  t o  be moved 
Second index of species p a i r  computed with 
opt.ion KQ = 10 
Count of array elements; dimmy species index 
Step i n  cross section~cornputations; dummy 
species index 
F i r s t  index of species p a i r  t o  be moved 
Location of species pa i r  IV ,  JV i n  IQ, JQ 
array 
Location i n  IQ, JQ array of last species p a i r  
for  s t ep  L-1 of computations 
Location i n  IQ, JQ array of last species p a i r  
fo r  st:=p L of computations 
Index of ar ray elements t o  be moved 
Location i n  V ar ray of Last parameter fo r  
s tep  L-1 of computations 
MMV T o t a l  number of parameters i n  V ar ray 
Index fo r  parameters i n  V array 
NSV T o t a l  number of s teps  i n  edited cross  sect ion 
computations 
Card XSE 213 t o  Statement 300 
F i r s t  index of unused storage locat ion 
f o r  species  p a i r  
F i r s t  index of a species p a i r  
Second index of species  p a i r  t o  be 
moved 
Second index of unused storage locat ion 
f o r  species  p a i r  
Second. index .of a species  p a i r  
Step of cross  sec t ion  computations 
F i r s t  index of species  p a i r  t o  be 
moved 
Index of species  p a i r  i n  IQ, JQ a r r ay  
Tota l  number of species p a i r s  i n  IQ, JQ 
ar ray  
Dummy argument, value not  required 
Statement 380 to end of subroutine 
Species f o r  which cross  sect ion da ta  are 
t o  be sippl ied (common variable)  ' 
For I E  = 1, cross  sect ion data are not 
supplied f o r  e lec t rons  
Absolute value of I Z  for a spec- 
i e s  
Charge of species Ti i n  units of 
electron charge (Note that  I Z  is 
negative for positively charged 
species) 
Index indicating charge for spec- 
i e s  for which cross sections are 
t o  be supplied (see Table 111) 
Index indicating whether cross 
sections are t o  be supplied for 
electrons (see Table 111) 
Index indicating charge of spec- 
i e s  for which cross sections are 
t o  be supplied (see Table 111) 
Step in  cross section computations; 
species index 
Computational step a t  which addi- 
t ional cross section data are sup- 
plied for neutral-neutral interac- 
tions 
Total number of parameters i n  V 
array 
Number of species for which cross 
section data are to be supplied 
VCOUL(M,KK,J,JJ) Parameters V(M) for e f f e c t i v e  Coulomb 
cross  sect ions between two spec ies  with 
the e lectronic  charges KK and J ,  from 
eqs. I(100a) .  The parameters for  JJ = 1 
are for ion-ion c o l l i s i o n s ,  and for  JJ = 
2 for ion-electron c o l l i s i o n s  
5. REFERENCES TO COMMON VARIABLES 
This sec t ion  prcsents  a computer-generated analys is  
of references t o  common va r i ab les  and common-equivalent 
va r i ab les  i n  the  NATA codc. The va r i ab les  a r e  l i s t e d  i n  
alphanumeric order.  For each var iable ,  the  name of  t h e  
common block containing it is  given. The block name / / 
r e f e r s  t o  unlabelled common. An a s t e r i s k  following t h e  
block name ind ica tes  t h a t  the  va r i ab le  does n o t  appear i n  
common, b u t  i s  equ.:valenced t o  a common va r i ab le  i n  t h e  
designated block i n  one o r  more routines.  The rou t ines  
i n  which each va r i ab le  i s  referenced a r e  indicated by num- 
jers, based on t h e  list of rout ine names given on the  f i r s t  
page. Routine number 2 i s  the  block d a t a  rout ine  containing . 
species ,  reac t ion ,  geometry, and o the r  da ta ;  number 3 i s  
t h e  t r anspor t  c ross  sec t ion  block d a t a  routine.  The rou- 
t i n e s  EXP and RESET a r e  missing from t h e  l is t  because t h e  
ana lys i s  w a s  ca r r i ed  o u t  f o r  t h e  UNIVAC version of NATA, 
which does n o t  contain these  rout ines .  Neither EXP nor 
RESET contains  any commcn blocks. 
Lines containing a blank va r i ab le  name are continua- 
t i o n s  of t h e  preceding l ines ,  i n  caszs i n  which t h e  nurriber 
of referencing routine:; i s  tc,o la rge  t o  be p r in ted  on a 
s ing le  l i n e .  
Appearance of a va r i ab le  i n  a common o r  equivalents 
statement i s n o t  considered t o  c o n s t i t u t e  a reference.  A 
routLne i s  l i s t e d  a:; referencing a given va r i ab le  i f  the 
var iable  appears i n  an a r i t h m e t i c o r  DATA statement, a READ o r  
WRITE statement o r ' a  NAMELIST statement, o r  i s  used a s  an 
index o r  a subroutine or  funct ion argument.. , 
In t h e  case of a common-equivalent var iable ,  t h e  program 
used t o  prepare t h e  l ist  checks f o r  the  presence of t h e  
associated common block i n  t h e  rout ine ,  b u t  does not  ver i -  
fy  the  presence of i~ne equivalence statement in t h e  rout ine.  
For t h i s  reason, sorne of t h e  l i s t e d  references  t o  common- 
equ.ivalent va r i ab les  a r e  spurious. For example, i n  sub- 
rout ine  BLAYER, ' t h e  va r i ab le  X i s  equi valenced t o  t h e  
v a r i a b l e  CX i n  un labe l led  common. Subroutines GEPMAR, 
@JTl, and TRANSP are a l s o  Listed as re fe renc ing  X. A l l  
t h r e e  o f  these re fe rences  a r e  spur ious  because X i s  n o t  
equivalenced t o  a common v a r i a b l e  i n  these t h r e e  rou t ines .  
f 
E. In some cases ,  d i f f e r e n t  names are used f o r  +he same 
F. --common v a r i a b l e  i n  d i f f e r e n t  rou t ines .  A l l  such names a r e  
Y included i n  t h e  list below, each wi th  i t s  own l i s t  of ref- 
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6. LISTING OF THE NATA CODE 
The p r e s e n t  s e c t i o n  c c n s i s t s  of a complete source  
program l i s t i n g  of t h e  NATA code. Tihe r o u t i n e s  appear 
i n  t h e  same order  i n  which t h e i r  names a r e  l i s t e d  a t  t h e  
beginning of  Sec t ion  5, i. e . , main program, block d a t a  
rou t ines ,  and then all subrout ines  a d  func t ions  i n  alpha- 
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PROGRAMMER'S MANUAL FOR 1% NOZFIT CODE 
The present appendix documents the programming of the 
; f NOZFIT code, a small computer program for generating.NATA- i type curvefits to nozzle profiles. ' A  user's manual for 
i NOZFIT is presented in Appendix D of Volume I1 of this report 
(ref. 2 ) .  
: 
Section 4.1 of this appendix analyzes the NOZFIT main 
E program and the subroutines used to produce plots of nozzle 
profile curvefits. Section A.2 is a glossary of Fortran 
; 
1 symbols for NOZFIT. Finally, a source listing of NOZFIT 
and its associated subroutines is presented in Section A-3.- 
A.l Analysis of NOZFIT Routines 
This section discusses and explains the main program 
and each subroutine of the NOZFIT code. The purpose of this 
exposition is to provide an entry into the cc3ing for pro- 
grammers who wish to analyze errors, make corrections, or 
introduce modifications into the code. 
A l l  NOZFIT Main Program 
NOZFIT consists of two main sections. The first section 
computes the parameters of the profile fit from the input 
data (see Appendix D of Volume 11); the second produces 
printed, punched, and plotted output. 
(1) Computation of profile fit parameters. -- The 
parameters* of the curvefit to the nozzle or channel profile 
are calculated in the 'loop Dg 140, L = 1, 2. - For L = 1, the 
parameters of the upstreamsectionsare determined; for L = 2, 
the downstream sections are treated, For each region, the 
calculations start at the throat and proceed away from the 
throat. The index K enumerates the profile sections for 
*The profile fit parameters and the analytical forms in 
which they appear are defined in Section 4.3 of Volume I 
(ref. 1). 
each region i n  the  order  i n  which they a r e  determined. The 
index J l a b e l s  the  sec t ions  f o r  t h e  e n t i r e  nozzle, both up- 
stream and downstream, i n  sequence s t a r t i n g  a t  t h e  upstream 
end. F ina l ly ,  J P  indexes t h e  downstream boundaries of the 
p r o f i l e  s e c t i o n s ' i n  sequence s t a r t i n g  a t  khe upstream end. 
The alg6rithm used t o  determine' t h e  paramete& f o r  each. 
sec t ion  depends upon the  input  "condition" index, IC@ND(J) .  
I n  each region (upstream or downstream), t h e  f i r s t  
sec t ion  t r e a t e d  is the  one-adjacent  t o  t h e  t h r o a t ,  This 
sec t ion  is  required to be a c i r c u l a r  a r c  convex toward t h e  
a x i s  . ( I S H A P E ( J )  = 2),  and must be . spee i f i ed  a s  a t h r o a t  
sec t ion  (ICfl-W(J) = 1). For such a t h r o a t  sec t ion ,  dy/dx 
must be' zero a t  x = 0. Thus, equation I ( 1 2 2 )  shows t h a t  . 
t h e  abscissa P2 of t h e  c i r c l e  center'mus-t be zero. 
i The c i r c l e  rad ius  is  equal t o  pAR(1,J): 
1. i 
where t h e  numerical f ac to r  converts from t h e  inch u n i t  used 
i n  t h e  input  t o  the  centimeter u n i t  used i n  t h e  output.  
F ina l ly ,  the  ord ina te  of the  c i r c l e  center  is  equal t o  t h e  . 
t h r o a t  rad ius  p lus  t h e  c i r c l e  r ad ius  (see f igure  28) :  
r 
P1 = P 3 + -  2 . 5 4 ' D T H  2 (180) 
I 
i where DTH is  t h e  throak diameter i n  inches. 
For t h e  condition IC@ND(J)  = 2,  t he  cu r ren t  p r o f i l e  
sec t ion  i s  assumed t o  be s t r a i g h t  (ISK'?PE(J) = 1) and tangent 
t o  an adjacent  c i r c u l a r  sec t ion  nearer the  th roa t .  The in- 
dex of t h e  sec t ion  nearer the  t h r o a t  is denoted by INDEX. 
The p r o f i l e  parameters f o r - t h i s  sec t ion  a r e  already known, 
because of the  order  which t h e  sec t ions  are t r ea ted .  
Figure 28, Geometry of the Condition fC$ND(J) = 1 
Since t h e  sec t ions  can be e i t h e r  upstream ox downstream 
of t h e  th roa t ,  and s ince  t h e  adjacent sec t ion  INDEX can be 
e i t h e r  convex (ISHAPE (INDEX) = 2) o r  concave (ISHAPE(1NDEX) = 3) 
toward the  a x i ~ ,  the re  a r e  four cases  t o  be considered, a s  
i l l u s t r a t e d  i n  f igure  29. These cases  a r e  a l l  t r e a t e d  i n  ' 
one s e t  of formulas with t h e  a i d  of the.fol lowing symbols: 
il _ 1 upstream 
+1 downstream 
f o r  circle bottom, ISHAPE (INDEX) = 2 
s2 
+1 f o r  c i r c l e  top, ISHAPE(1NDEX) = 3 = :{-l- 
(182) 
The symbol S1 has the  same s ign  a s  t h e  s lope of t h e  current ,  
s t r a i g h t  sect ion;  S is  negative i f  the  circle center  C is 2 
above t h e  l i n e  passlng through the  s t r a i g h t  sec t ion ,  p o s i t i v e  
i f  t h e  center  i s  below, 
The poin t  of tangency of  t h e  s t r a i g h t  and c i r c u l a r  
. sec t ions  is marked by a "1" i n  each p a r t  of f igure  29. The 
coordinates  of t h i s  po in t  a r e  
X1 = X, - S1 s2 R s i n  
Y1 = Yc + S2 R COS Q 
Here R = P A R A ~ ~ ( ~ ,  INDEX) is t h e  c i r c l e  rad ius ,  and 
B = P A R ( ~ ; J )  is  t h e  angle of inc l ina t ion  of the  s t r a i g h t  
sec t ion  t o  t h e  nozzle Axis, taken pos i t ive .  It i s  easy t o  
show t h a t  t h e  i n t e r n a l  angle  of t h s  t r i a n g l e  a t  t h e  ver tex 
C is equal t o  8. Also Xc and Yc & r e  thz  coordinates of the  
c i r c l e  center  i n  the  adjacent  c i r c u l a r  sec t ion  nearer the  
throa t :  .- 
- .  , Xc = P A M  ( 2 ,  INDEX) ( 1 8 3 ~ )  ' 

' 1 - 1 ;,' - . . \  
-- P * 
. 
The equation f o r  the  s t r a i g h t  sec t ion  i s  
Y - y1 .= s1 t a n  e (X - x ~ )  . (184) ' 
, , 
i 
Thus, from equation I (121), f 
and Y1 can be ca lcula ted  'from equation I(121)  using t h e  
known parameter values f o r  t h e  adjoining s t r a i g h t  sec t ion  
nearer the  th roa t .  The bas ic  problem i s  t o  detsrmine t h e  
coordinates (X=, Ye) of the  c i r c l e  center .  Equations ( 1 8 3 )  
a r e .  again 3pplicable,  and give 
P1 = Y1 - S1 X 1  t an  8 , (185) 
p2 = s1 t a n  9 .(186) 
For t h e  condition IC!~&D(J) = 3, the  current  p r o f i l e  
sec t ion  is  assumed t o  be c i r c u l a r  and tangent t o  an adjoin- 
ing  s t r a i g h t , s e c t i o n  which is  nc r e r  the  throa t .  The 
absc issa  of the  poin t  of tangency is  assumed t o  be PAR(2,J) 
( inches) ,  A s  i l l u s t r a t e d  i n  f i g u r e  30, t he re  are again four  
cases  t o  be considered, A s  i n  t h e  preceding case,  the  quan- 
t i t i e s  S1 and S2, equations (181) and (182), a r e  used t o  
t r e a t  a l l  four cases  i n  a s ing le  s e t  of formulas. 
I n  t h e  present  case,  the  coordinates  of t h e  poin t  of ( T  : tangency ("1" i n  f igure  30) a r e  known, s ince  
From equations I(1.22) and I (123) .  P2 = Xc and PI = Yc. The 
radius  P3 i s  
i 

The c a d i t i o n  I c ~ ( J )  = 4 allows t h e  deterr.&nation of a 
c i r c u l a r  sec t ion  which i s  tangent t o  two adjacent  s t ra i r rh t  sec- 
t i o n s  (J-tl and J-1). Figure 31  i l l u s t r a t e s  the  four cases  which 
must be considered. The s t r a i g h t  sec t ion  l e a r e r  the  t h r o a t  has 
the  index INDEX; t h e  one f a r t h e r  from the  tlhroat has the inGex 
1NDX2. The angles el = PAR(1,INDEX) and e2 = PAR(l,INDX2) are 
known an9 t h e  absc issa  XI = 2.5Li PAR(2,J) of t h e  in tersec-  
t i o n  of the  two l i n e s  i s  given. Since t h e  c u r v e f i t  parameters 
f o r  the sec t ion  INDEX have already been determined, the  ordi-  
na te  Y 1  of t h e  i n t e r s e c t i o n  can be ca lcula ted  from eq, I(121).  
Since t h e  c i r c u l a r  sec t ion  t o  be determined is tangent t o  
both l i n e s ,  i t s  center  'C  lies on the b i sec to r  of the  angle be- 
i tween t=he two l ines .  The length of th is  b i s e c t o r ,  from t h e  in- t e r sec t ion  p o i n t  "1" t o  t h e  c i r c l e  center  "C", i s  denoted by L 
i (or  XL i n  t h e  Fortran).  Also; t h e  angle hetween the b i s e c t o r  
E and e i t h e r  of t h e  l i n e s  i s  denoted b: $3. This angle i s  given by 
b 
i 
since ( rr - \G2 - G1l ) is the included angle between t h e  l ines .  
Then, from either of t h e  r i g h t  t r i a n g l e s  with a ver tex  a t  C, 
L = R/sin fd (191) 
For ISHAPE(5) = 2 (par t s  (a) and (c) of f igure  31) ,  the  angle 
i 
I CIA i s  equal  t o  - 81. For ISHA~?E(J) = 3 (pa.rts (b) and (d) 
i of f igure  3L), angle C I A  i s  eqr.al  t o  pl - 82. Hence, f o r  
f ISHAPE (J) = 2, 
i i I 
For ISIW?E(J) = 3 ,  
xc = XI + Sl L cos ($5 - e2) 
I 






: Downstream, ISHAPE(J) = 2 
f 
i 
Downstream, ISHAPE(J) = 3 
Figure 31. Geonetry of the Condit;S,ol, ?.CpiYQ(:3) = 4 
- L s i n  
For e i t h e r  case,  t h e  d i s t ance  from po in t  "1" t o  t h e  
junction poin t  "P" between t h e  c i r c u l a r  sec t ion  and t h e '  
s t r a i g h t  sec t ion  nearer the  t h r o a t  is  equal t o  L cos. @. 
The pro jec t ion  of t h i s  d is tance  onto t h e  X-axis is L cos jd 
cos el. Hence, the  absc issa  of t h e  junction po in t  is 
X1 - S1 L cos fa cos @1 
It is c l e a r  from f i g u r e  31 t h a t  ISmPE(3) can be 
equal t o  2 only i f  Q2 > Q1 and ISHAPEiJ) can be equal t o  
3 only i f  Q1) Q2.  I f  t h e  user in?uts a  value f o r  ISHAPE(J) 
v io la t ing  these conditions,  an e r r o r  message is  wr i t t en  
and execution is terminated, 
(2; Input and Catgut. -- NATA and its a u x i l i a r y  
programs a r e  designed f o r  operat ion on e i t h e r  a  UNIVAC 1108 
o r  an IBM System 360. So f a r  a s  NgZFIT is  concerned, t h e  
p r inc ipa l  clifference between th s  two computer systems is  
t h e  word length,  The UXIVAC 1108 contaios  36- l i t  words 
which can s t o r e  6 alphanumeric characters .  The IBM 360 
contains 32- and 64-bit words which can s ~ o r e  4 o r  8 
alphanuneric charac ters ,  respect ively.  The p l o t  rout ines  j 
used a t  NASA/JSC on the  UNIVAC 1108 and a t  Avco Systems 
Division on the  I M  360/75 assume i h a t  a r rays  of alpha- 1 
numeric information a r e  close-packed ( i - e , ,  with no unused f 
charac ters ) .  To provide c o r r e c t  handling of the  informa- 
t i o n  on t h e  "header" card*, NpZFIT contains read and write 
statements based on both t h e  A6 format ( f o r  t h e  UM1VAC)and 1 i 
the .  A4 format ( f o r  t h e  IBM 360). The cor rec t  input/output 1 
statemebits f o r  alphanumeric information a r e  se lec ted  by 
- 1 
reference t o  an ind ica to r  IWflRDL, which is  set i n  sub- ! 
rout ine  FRAMEB (see below). Two versions of FRAMEB a r e  
avai lab le ,  one f o r  use on t h e  UNIVAC 1108 a t  the  Johnson 
I 
Space Center, the  o ther  f o r  use on t h e  IBM 360/75 a t  Avco. 
Apart from the  d i f ferences  i n  t h i s  one subroutine,  N@FIT I t 
*See discussion of NPZFIT inputs  i n  Appendix D of Volume 
I1 ( r e f .  2 ) .  
and its p l o t  subrout ines  are f u l l y  compatible w i th  both 
computer systems. 
P The coding of  t h e  p r i n t e d  and punched ou tpu t  o f  t h e  I : - ~  p r o f i l e  c u r v e f i t  parameters is s t ra igh t forward .  I n , t h e  p r o f i l e  c a l c u l a t i o n  ( s t a t e m ~ n t s  240 t o  310), t h e  abscissa 
1 X is va r i ed  by increments of  0.03 inch from X = XSTART t o  I '  - .  X = XSTART + 6 inches.  A t  each X, t h e  index K of  t h e  
c p r o f i l e  s e c t i o n  i n  which X l ies  is determined by f i n d i n g  
t h e  f i r s t  K f o r  which t h e  downstream boundary ATP(K) is 
i g r e a t e r  than,  X. The o r d i n a t e  Y is then  computed from 
I equat ion 1(121) ,  1 (122) ,  or I (123) according as ISHAPE(K) 
I 
5 is equa l  to  1, 2, or 3. The r e s u l t  of t h i s  c a l c u l a t i o n  is 
i n  cen t imeters ,  and is converted i n t o  inches  f o r  outpht .  i 
F i n a l l y ,  i f  t h e  i n d i c a t o r  PLflTS is ,TRUE., t h e  p r o f i l e  
is  p l o t t e d  by a c a l l  t o  subrout ine  GRAPH, After  t h e  f i n a l  
c a s e  i n  t h e  job  (ENDJOB = ,TRUE.), t h e  e n t r y  FRAMB2 o f  $ 2
subrout ine  F L W B  is c a l l e d ,  If t h e  program is  being run 
f on t h e  Avco I B M  360/75, F W 2  c a l l s  a l i b r a r y  r o u t i n e  " I 
! which c l o s e s  t h e  p l o t  d a t a  set. . 1 
i I 
i I (1 .-. A,1.2 Subrout ine  FRAMEB f [ I 
B Subroutine FRAMEB con ta ins  a l l  of t h e  i r r e c o n c i l a b l e  f; 
d i f f e r e n c e s  between ' the  UNIVAC 1108 and IBM 360 vers ions  
o f  N#ZFIT. Two ve r s ions  of  t h i s  r o u t i n e  a r e  provided 
i 
i 
(Section A.3), one f o r  each type of computer system, i 
The IE?M 360 vers ion  s e t s  t h e  i n d i c a t o r  IW@RDL t o  2, 
t o  induce HflZFIT t o  use  A4 formats i n  reading and w r i t i n g  
i 
f 
alphanumeric information.  It a l s o  c a l l s  t h e  Avco l i b r a r y  i 
r o u t i n e  IDFRhlV t o  proauce an i d e n t i f i c a t i o n - f r a m e  preceding i 
t h e  p l o t s  o f  nozzle p r o f i l e s ,  i f  t h e  c o n t r o l  v a r i a b l e  ? i 
PLP/TS is ,TRUE,. When c a l l e d  through t h e  e n t r y  FRAMB2, it 1 
c a l l s  t h e  Avco l i b r a r y  r o u t i n e  PLTND t o  empty t h e  p i c t  1 ; 
b u f f e r  and c l o s e  t h e  p l o t t i n g  d a t a  s e t .  
! .  
f The UNIVAC 1108 vers ion  of FRAMEB sets IW@ROL t o  1, . . f 
f. 
t o  induce N@ZFIT t o  u s e  A 6  formats i n  reading and w r i t i n g  ! 1 alphanumeric in£  ormation. It per  forms no o the~ :  funct ion.  i 2 
t i 
i @" 
g .  A p l o t  i d e n t i f i c a t i o n  frame i s  produced automatically on 
i t h e  1108 computers a t  NASA/JSC when p l o t s  a r e  requested 
I on t h e  JgB card,  and t h e  d a t a . s e t  is  a l s o  closed auto- 
< mat ical ly ,  
A.1.3 Subroutine GRAPH 
GRAPH is a general-purpose p l o t t i n g  rout ine  which 
was developed f o r  use i n  t h e  aux i l i a ry  programs t o  t h e  
NATA code. It uses severa l  lower l e v e l  p l o t  rout ines  
programmed by North American Aviation (NAA) a s  software 
f o r  t h e  S-C 4020 high-speed microfilm recorder. The 
c a p a b i l i t i e s  of GRAPH may be sumrnarj.zed a s  follows: 
( 1  It produces Cartesian graphs of '2 versus X from 
data  s tored  i n  arrays.  
( 2 )  The da ta  po in t s  can be displayed by up t o  10 
d i f f e r e n t  p l o t  syrrbols, o r  not  displayed. 
(3 )  The da ta  poin ts  can be connected by l i n e s ,  o r  
not  connected. The l i n e s  can be continuous, 
. dashed (with user-controlled dash length) ,  
dot ted,  o r  t raced  by a s t r i n g  of Charactron 
symbols , 
( 4 )  Dif ferent  data s e t s  can be p lo t t ed  on t h e  same 
frame.. The poin ts  from t h e  d i f f e r e n t  da ta  sets 
can be represented by d i f f e r e n t  p l o t  symLols 
and/or connected by l i n e s  of d i f f e r e n t  types. 
(5)  A parameter value can be associated with each 
data  s e t ,  The curves f o r  d i f ferent '  da ta  s e t s  
can be label led  with numerical l a b e l s  and a 
t a b l e  displaying t h e  labels and the  associated 
parameter values c a n  be shown i n  the  margin t o  
t h e  r i g ! ~ t  of the  graph. Up  t o  th ree  d i s t i n c t  
parameters, ezch with up t o  10 values,  can be 
included i n  a s i n g l e  p lo t .  
a 3 
.'he arguments i n  t h e  c a l l i n g  sequence of  GRAPH a r e  
df:f,ivs :d i n  t h e  Glossary of  Fortran Symbols (Section A - 2 ) .  
I f  a t a b l e  of parameter values is t o  be p r in ted  i n  
tl142. Crame, t h e  f i r s t  ca l l  t o  GRAPH must be preceded by a 
c a l k  t o  t h e  NAA rou t ine  SETMIV (references 3, 17) to  
p~:ovi,de t h e  required space i n  t h e  r i g h t  margin: 
(1) Grid qeneration. -- The f i r s t  p a r t  of  GRAPH, 
.?own t o  statement 110, is executed only when t h e  rou t ine  
is c a l l e d  with N F  # 0 t o  e s t a b l i s h  the  g r i d  f o r  a new 
frame, I n  t h i s  case,  t h e  counter JCURVE f o r  d a t a  sets - 
p lo t t ed  and the  counter NPL f o r  parameter t a b l e s  a r e  
i n i t i a l i z e d  t~ zero,  and t h e  NAA rout ine  SMXYV (references 
3, 17) is c a l l e d  t o  e s t a b l i s h  t h e  logarithmic o r  l i n e a r  
mode f o r  each a x i s  a s  indicated by the  GRAPH arguments LX, 
LY, Then t h e  NAA rou t ine  IlXDW (references 3, 17) is 
ca:.led f o r  each a x i s  t o  determine t h e  arguments DX, DY, 
NNl.f, MMM, 111, JJJ, NXX, NYY of subroutine GRIDlV. If 
e i t h e r  axis is t o  be used as a logarithmic s c a l e  (LX # 0 
o r  LY # 0) ,  t)-=,l t h e  corresponding c a l l  to  DXDW is skipped; 
and D:Y and DY a r e  s e t  t o  1 i n  accordance with ins t ruc t ions  
in rezerences 3 and .l7. 
Eeginning a t  statement 50, t h e  parameters MXY(1) and 
NXY(2), which determLne t h e  numbers of charac ters  t o  be 
displayud i n  the  13bels of v e r t i c a l  and hor izonta l  g r i d  
l i n e s ,  e r e  e s t ~ b r i s h e d .  The corresponding values NXX and 
NYY provide6 by DXDW w e r e  found t o  be unsa t i s fac tory  i n  
some applic;,ions. For each ax i s ,  i f  loglO of t h e  maximum 
absolute  t i t lue t o  be p l o t t e d  is g rea te r  than' 5 o r  l e s s  
than -3, t h e  g r id - l ine  l a b e l s  a r e  p r in ted  i n  s c i e n t i f i c  
nota t lon ,  with th ree  s i g n i f i c a n t  d i g i t s ,  by s e t t i n g  
NW(1) = -3. Otherwise. a fixed-point format is used, 
v ,h a number of charac ters  determined from t h e  magnitude 
a f  t h e  maximum value t o  be p lo t ted .  
N v 4 ,  the.GRIV1V arguments I11 and JJJ a r e  reversed 
i n  sig.1 to  force  placement of t h e  g r i d  l i n e  l a b e l s  outs ide  
of t h e  g r i d  area.  Also, i f  numerical l a b e l s  f o r  t h e  
indiv idual  curves a r e  t o  be displayed, t h e  lower l i m i t s  
XL and YL a r e  decreased s l i g h t l y ,  and tho  upper l i m i t  YU 
is inc reaseds l igh t ly , to  allow space f o r  t h e  l a b e l s  within 
the g r i d  area.  Then G R I D l V  i s  ca l l ed  t o  draw t h e  g r i d  and 
t o  e s t a b l i s h  sca l ing  f a c t o r s  f o r  subsequent use i n  p lo t -  
t ing .  F ina l ly ,  t h e  counter ICURVE f o r  curves i n  the  first 
family (i,e., f o r  var iocs  values o f  t h e  first parameter, 
i f  any) is i n i t i a l i z e d  t o  zero. 
(2 )  Plo t t ing  of  a da ta  set. -- The second p a r t  of 
GRAPH p l o t s  an indiv idual  da ta  set, t h a t  is, t h e  da ta  con- 
ta ined  i n  t h e  a r rays  X and Y f o ~  a s i n g l e  c a l l  t o  GRAPH. 
This sec t ion  of t h e  subroutine extends from statement 110 
down t o  statement 190. 
F i r s t ,  t h e  counters ICURVE and JCURVE a r e  each incre- 
mented by 1. I f  ICURVE i s  equal t o  1 a f t e r  t h i s  increase,  
t h e  counter NPL f o r  parameter t a b l e s  is a l s o  increased by 
1. Note t h a t  ICURVE is  equal  t o  1 a t  t h i s  poin t  i f  t h i s  
is  t h e  first c a l l  t o  GRAPH f o r  a new frame, o r  i f  I C U R W  
was set t o  zero i n  t h e  c a l l i n g  rou t ine  before the  cu r ren t  
c a l l  t o  GRAPH, Se t t ing  ICURVE t o  0 i n - t h e  c a l l i n g  r o u t i n e  
is a s i g n a l  t o  GRAPH t h a t  a new family of  curves with a 
new parameter is being s t a r t e d .  
Next, t h e  NAA rou t ines  l?XV and MN a r e  used t o  i n i t i a -  
l i z e  1x1 and 1 Y 1  t o  t h e  r a s t e r  coordinates coxresponding 
t o  X ( 1 )  and Y ( 1 ) ,  respect ively.  Then t h e  p l o t  s w o l  t o  
be used i n  displaying t h e  da ta  po in t s  i s  se lec ted  on t h e  
basis o f  t h e  arguments N C ( 1 )  and N C ( 2 ) .  I f  N C ( 1 )  i s  nega- 
t i v e ,  t h e  symbol ihdex ESYMBL i s  set equal t o  ICUR'\TE, so 
t h a t  a new s-1 from t h e  standard t a b l e  in-PPINTB is 
used f o r  t h e  po in t s  on each successive curve i n  a family 
of curves. I f  NC (1) i s  pos i t ive ,  NSYMBL is set equal t o  
N C ( 1 ) ;  t h i s  option allows d i r e c t  user con t ro l  of the .  p l o t  
symbol. For NC(1)  = 0, the indiv idual  po in t s  a r e  not  
. plot ted .  
The D# loop from s ta tement  140 t o  statemefit 180 p l o t s  
t h e  d a t a  p o i n t s  and draws t h e  connecting l i n e s ,  i f  any, 
F i r s t ,  subrout ine  PgINTB (Sect ion A.1.4 of t h i s  appendix) . 
is  c a l l e d  t o  p l o t  t h e  c u r r e n t  ( I t h )  d a t a  po in t .  Then 12 
is  set equa l  t.o I+1. I f  LINE(1) is nonzero, subrout ine  
LINEB (Sect ion A.1.5 o f ' t h i s  appendix) is c a l l e d  t o  draw 
t h e  l i n e  segment from t h e  I t h  t o  t h e  1 2 t h  po in t .  The 
-. type  of l i n e  to  be drawn (continuous,  dashed, e t c . )  is  
dete.mined by t h e  argument LINE i n  t h e  ca l l  t o  LINEB, 
m e n  1x1 s l d  1x2 are set e q u a l . t o  t h e  raster coord ina tes  
corresponding t o  X(I2) and Y(I2) ,  r e s p e c t i v e l y ,  us ing t h e  
NAA func t ion  r o u t i n e s  NXV and NW, f o r  use i n  c a l l i n g  
PgINTB the  nex t  t i m e  around t h e  loop, 
t 
When t h e s e  p l o t t i n g  ope ra t ions  have been completed, 
i f  JCURVE is  equa l  t o  1, t h e  NAA r o u t i n e  CHSIZV is c a l l e d  
wi th  arguments (3,3) t o  r e s t o r e  t h e  normal cha rac t e r  
s i ze ,*  Then subrout ine  RITE2V ( r e fe rences  3, 17)  is c a l l e d  
t o  w r i t e  t h e  a b s c i s s a  and o r d i n a t e . l a b e l s  ABSL and @RDL 
and t h e  p l o t  t i t l e  TITL i n  t h e  bottom, l e f t ,  and t o p  
margins of  t h e  p l o t ,  r e spec t ive ly ,  
(3) Parameter t a b l e s  and l a b l e s ,  -- I f  t h e  argument 
LL is zero,  then parameter t a b l e s  and curve l a b e l l i n g  are 
n o t  t o  be used, and a RETURN is executed a t  s ta tement  190 
i n  GRAPH. I f  LL is 1, t h e  parameter t a b l e s  a r e  produced 
b u t  t h e  curve l a b e l l i n g  i s  skipped, I f  LL is  n e i t h e r  0 
nor 1, then  t h e  curves  a r e  l a b e l l e d  a l s o ,  '20 implement 
t h e  l a b e l l i n g ,  t h e  code cal ls  t h e  NAA r o u t i n e s  NXV and NYV 
t o  determine t h e  r a s t e r  coord ina tes ,  NXVl and NYV1, of  t h e  
first p o i n t  on t h e  curve. 1t then computes t h e  r a s t e r  
coord ina tes ,  1x1 and I Y 1 ,  of a p o i n t  which l i e s  16  raster 
u n i t s  away from t h e  f i r s t  p o i n t  of  t h e  curve i.n a d i r e c t i o n  
opposi te  t o  t h a t  i n  which t h e  second p o i n t  l i e s .  It  then 
w r i t e s  t h e  curve l a b e l  (CURVE = ICURVE) i n t o  t h e  p l o t  by 
c a l l i n g  t h e  NAA subrout ine  LABLV ( r e fe rences  3, 17 ) .  
*A nonstandard cha rac t e r  s i z e  i s  set i n  P~INTB by c a l l i n g  
CHSIZV(3,2), t o  o b t a i n  p l o t  symbols whose he igh t  and width 
are approximately equal .  
The t a b l e s  of parameter values are produced by the  
coding from statement 200 t o  statement 300. For ICURVE 
= 1, the  code f i r s t  w r i t e s  t h e  t a b l e  heading. The heading 
cons i s t s  of a sample of t h e  type of l i n e  used f o r  t h e  
current  family of curves, and a ' two-l ine pr in ted  spec i f ica-  
t i o n  3f t h e  nature of t h e  current-parame.ter. The sample 
l i n e  i s  ~ n d u c e d  by. ca1ling;the en t ry  LINEBR of subroutine 
LINEB (Zlschssed below). It is hor izonta l  and lies a t  
the  r a s t e r  ord ina te  I Y 2 .  The p r in ted  heading is produced 
by c a l l i n g  t h e  NAA rout ine  PRINTV. Its f i r s t  l i n e  lies 
15  r a s t e r  u n i t s  below the  sample l i n e ,  and i ts  second 
l i n e  is an addi t ional  20 r a s t e r  u n i t s  lower, The t a b l e s  
far d i f f e r e n t  parameters ( fami l ies  of curves) have a 
v e r t i c a l  separat ion of 300 r a s t e r  uni t s .  
C 
The body of t h e  parameter t a b l e  c o n s i s t s  of rows each 
containing the  numerical l a b e l  f o r  the  curve (equal t o  
CURVE), a  sample of t h e  p l o t  symbol used, and the  parameter 
value. The numerical l a b e l  is omitted f o r  LL = 1. When 
it i s  included, it i s  produced by c a l l i n g  LABLV, The 
sample p l o t  symbol is produced by c a l l i n g  P@INTB, and t h e  
parameter value by another c a l l  t o  LABLV. The arguments . 
NCHAR and NDANAX of LABLV a r e  determined as funct ions of 
.IPVM, which is loglO (PVAL) rounded down i n  magnitude t o  
the  neares t  in teger .  I f  IPVM is g r e a t e r  than 4 o r  less 
than -2, NCHAR is  s e t  t o  -3 t o  give s c i e n t i f i c  nota t ion  
with three  s i g n i f i c a n t  f igures .  Otherwise, fixed-point 
notat ion is  used, and NCHAR and NDMAX a r e  adjusted t o  
provide the  required number of charac ters  and pos i t ions  
t o  the  l e f t  of the  decimal poin t .  
A.1.4 .Subrout ine LINEB 
Subroutin~e LINEB draws a s t r a i g h t  l i n e  between t.wo 
speci f ied  poin ts  ( X l ,  Y l ) ,  (X2 ,  Y2). When it i s  ca l l ed  
through i ts  ent ry  LINEBR, t h e  two po in t s  a r e  spec i f ied  in  
r a s t e r  coordinates (MX1,  MY^), (MX2, MYZ) . The argument 
LLINE i s  a three-element a r ray  whose values con t ro l  t h e  
type of l i n e  produced and i t s  darkness, a s  defined i n  t h e  
Glossary of Fortran Symbols (Section A . 2 ) .  
The raster coordinates of t h e  two poin ts  t o  be 
connected by a l i n e  are denoted, within LINEB, by (NX1, 
NY1) , (NXZ, NY2) . I f  en t ry  w a s  through LINEBR, these  
values a r e  set equal t o  MXl, e t c .  I f  en t ry  was through 
LINEB, t h e  r a s t e r  coordinates  a r e  determined by c a l l i n g  
t h e  NAA subroutines NXV and NYV, 
For LINE s LLINE(1) = 1, the  po in t s  a r e  connected 
with a continuous l i n e  by c a l l i n g  NAA subroutine LINEV. 
This c a l l  is  executed IDARK times t o  obta in  the  des i red  
darkness. 
For LINE > 1, beginning i n  statement 50, t h e  s i n e  . 
(SINA) and cosine .(CgSA) of t h e  angle  between t h e  vector  
from po in t  1 t o  poin t  2 and the  p o s i t i v e  X-axis are 
computed, Then, f o r  LINE = 2,  a dashed l i n e  i s  drawn from - '  
point  1 t o  po in t  2, with t h e  dash length i n  m i l l i i  .ters* 
being approximately equal t o  'IPAR 5 LLINE (3).  The 
dis tance  DEL from t h e  beginqing of one dash t o  t h e  5cgin-  
ning of t h e  next i s  ca lcula ted ,  in r*ster u n i t s ,  a s  10.8 x 
IPAR. The numerical c o e f f i c i e n t  i n  t h i s  formula is ob- 
ta ined by not ing t h a t  t h e  frame width is 1024 r a s t e r  u n i t s  ' 
and is 190 mm i n  hard copy. Thus, 1 mm on t h e  hard c o ~ y  
i s  equivalent  t o  5.4 r a s t e r  u n i t s ,  t h e  dash length HDEL is 
equal t o  5.4 x IPAR, and DEL i s  twice a s  la rge ,  allowing 
f o r  t h e  ga@ between t w o  successive dashes. The number of 
dashes t o  be used i n  t h e  l i n e  joining the  two po in t s  is 
thus N P  = DIST/DEL, where DIST is t h e  separat ion of the  
po in t s  i n  r a s t e r  uni ts .  I f  t h e  two p a i n t s  a r e  too c lose  
together  i n  conparison with t t e  spec i f i ed  dash length,  
in teger  a r i thmet ic  g ives  NP = 0. This p o s s i b i l i t y  should 
be borne i n  mind by t h e  user of Gi?APH. 
LINEB next  computes the  increments IDX and IDY i n  
r a s t e r  coordinates between t h e  b e g i n n i ~ g  and end of a s i n g l e  
dash, using the  previously determined trigonometric 
*This descr ip t ion  of t h e  dash length is appl icable  t o  hard 
copy from t h e  ~ a l c o m p  890 CRT P i o t t e r  a t  Avco, o r  t o  
enlargements of microfilm p l o t s  produced on the  S D  4060 
a t  NASA/JSC t o  a frame s i z e  of 7.5 x 7.5 inches. 
funct ions C@A and SINA. It then c a l l s  t h e  NAA siibroutine 
LINE2V (references 3, 17) NP t i m e s  t~ draw t h e  dashed 
, l i n e  joining t h e  end 'po in t s  spec i f i ed  i n  t h e  arguments. 
I n  the  D@ loop, 70 I = 1, NP, t h e  q u a n t i t i e s  VX1 and 
W1 represent  t h e  des i red  s t a r t i n g  po in t s  f o r  each dash 
i n  - r a s t e r  coordinates. These q u a n t i t i e s  a r e  ca lcula ted  
using f l o a t i n g  po in t  a r i thmet ic  t o  avoid the  : loss  -of 
accuracy poss ib le  i n  in teger  a r i thrne t ic , ,and  a r e  rounded 
dqwn t o  o b t a i n ' t h e  in tege r  vaiues NX1, NY1 used in. t h e  
c a l l s  t o  LINE2V. 
For LINE = 3, t h e  l i n e  joining t h e  spec i f i ed  end po in t s  
is  produced by p l o t t i n g  a s t r i n g  of Charactron symbols. , 
The symbol t o  be used i s  spec i f i ed  by XPAR, which is used 
a s  the  index i n  t h e  POINTV charac ter  t a b l e  (references 3, 





The separat ion of successive po in t s ,  DEL, is s e t  t*) 5 
r a s t e r  u n i t s  i f  IPAR =. 0 ( i .e . ,  i f  the  p l o t t i n g  charac ter  
is  a d o t ) ,  and i s  s e t  t o  15 r a s t e r  u n i t s  otherwise.  The 
number of charac ters  t o  be used i n  t r a c i n g  the  linc. is  
then NP = DIST/DEL. The s t r i n g  of charac ters  is tben 
produced by c a l l i n g  t h e  four-argument version of PJZINTV 
(references 3, 1 7 )  N P  times, i n  t h e  loop Da120 I = .'-, NP. 
The minus s ign  on the  argument IPAR of P ~ I N T V  suppresses 
t h e  p l o t t i n g  of a c e n t r a l  dot  in  each character .  
These symbols a r e  produced by c a l l i n g  t h e  NAA subroutine 
'+-., l i ;  RITE2V (references 3., 1 7 ) .  The inversions f o r  I = 7 and 9; and the  90-degree r o t a t i o n  f o r  I = 10, a r e  accomplished - 
using t h e  argument K(NSYMBL) of RITEZV. Before RITE2V 
is  ca l l ed ,  a c a l l  i s  made t o  CHSIZV ( references  3, 1 7 ) . t o  
make the  height  of the  symbols nearly equal t o  t h e i r  width I ins tead  of  50 percent  g r e a t e r ,  a s  is normally the  case. The argument IDARK of PgINTB and RITEZV cont ro ls  the  i I number of times t h e  symbol is overdrawn and thus i ts  
i darkness i n  t h e  p l o t .  
5 
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/. A.2 
~ l o s s a r y  of Fortran Symbols f o r  NOZFIT 
j .  This sec t ion  def ines  t h e  Fortran symbols used i n  t h e  NOZFIT main program and i n  i t s  associated subroutines. ,  The 
k var iables  a r e  l i s t e d  i n  alphanumeric order  within each 1 .  . r o u t i n e ,  and t h e  rout ines  themselves a r e  i n  a lphabet ic  
I order. There a r e  no common variables .  
A.1.5 Subroutine POINTB 
T h i s  rout ine  p l o t s  a poin t  a t  the  r a s t e r  coordinates 
(IX, I Y ) ,  using a p l o t  symbol se lec ted  from a t a b l e  ICHAR(I) 
of  ten  standard symbols. The index NSYMBL i n  t h e  calling 
sequence s p e c i f i e s  which symbol is tr, be used. The symbols 
a r e  a s .  follows: 
. . . 
1 I " '- ' , ]  : 1 1 
. . 
.-.-.-.------ I---. -- - -.- 
ABSL ( I ) 








A.2.1  Main Program ) 
Array containing alphant?mexric abscissa 
l a b e l  f o r  p l o t s  
Conversion f a c t o r  (18C/71') from radians 
t o  degrees 
Axial coordinate a t  t h e  downstream boundary 
of  t h e  JPth  p r o f i l e  sec t ion  (an) 
Logical control ;  .FALSE. value suppresses 
punched card output 
$ 
Hol le r i th  deycr ip t ive  d a t a  1 
cos (THETA) . 5 
Thrort  diameter ( inch)  
1 5 
f 
Increment i n  f o r  ca lcu la t ion  of ~ r o f i l e  1 i 
( inch)  .$ f 
Logical control ;  .TRUE. value terminates 
t h e  job a t  t h e  end of t h e  current  case 
& 
f 
Float ing poin t  value represent ing ISHAPE(1) 
i n  punched-card output  
t 1 




IC~ND(J) f o r  t h e  J t h  p r o f i l e  sec t ion  
Index specifying the type of condi t ion t o  be 
used i n  determining t h e  J t h  p r o f i l e  sec t ion  
(see input  discussion, ' ~ p p e n d i k  D of ~o'lume 
11, r e f .  2 o r  Section A . l . l  of the present  
Appendix ) 
I : Unused argument of subroutine GRAPH , . 
0 f o r  L = 1; i for L = 2 
. . 
INDEX 
. . . * 
I 
1ndex of  the  p r o f i l e  sec t ion  adjacent  t o  
t h e  current  ( J t h )  sec t ion  and nearer t h e  
t h r o a t  
Index of the  p r o f i l e  sec t ion  adjacent  t o  
t h e  current  (Zth) sec t ion  and f a r t h e r  from 
t h e  th roa t  
1 f o r  L = 1;'-1 f o r  L = 2 .  
ISKAPE (INDEX) ' 
Indicator  f o r  shape of J t h  p r o f i l e  sectltan 
(see input  discussion,  Appendix D of 
Volume 11) 





ISHAPE ( K )  
Indica tor  f o r  number of charac ters  per  word 
on the  type c f  computer system being used: 
k 
F 
IW@RDL = 1 6-character word (uNIVAC 
1108) i " 
. % :  
IW@RDL = 2 4-character word (IEM 360) 1 { 
P r o f i l e  sec t ion  iliiiex 
Index of p r o f i l e  sec t ion  boundaries 
2K - 1; f i r s t  J value on the  Kth card 
containing.PARAM(I,J) da ta  i n  the  punched 
output  
J1 + 1; second J value on tl5e Kth card 
containing PARAM(1,J )  data  i n  +he punched 
output  
D@ index; p r o f i l e  sec t ion  index i n  calcula- 
t i o n  of p r o f i l e  from c u r v e f i t  
Continuation card counter punched i n  zolumn 
6 oi output cards 
Indicator  f o r  upstream p r o f i l e  section:; 
(L = 1) and downstream sec t ions  (L = 2 )  
LINE (I)  Argument of subroutine GRAPH ;see below) ' 
LL Argument of , subrout ine  GRAPH (see below) 
. . N C ( I )  Argument of 'subroutine GRAPH (see be low) 
N@ZZLE P r o f i l e  index f o r  use i n  NATA 
NS NSECTS (L) in computation of prof i l c  f i t  
parameters; t o t a l  number @f sec t ions  is 
coding of (output 
C 
N S M l  NS-I. 
NSECTS (L) Number of p r o f i l e  sec t ions  upstream (L  = 1) 
and downstream IL r 2 )  of t h e  t h r o a t  
1 
i flRDL(1) Alphanumeric l a b e l  f o r  ord ina te  i n  p l d t  
'i 4 
E .  PAR(I,  J )  Input parameter values f o r  the  J t h  p r o f i l e  
1 sect ion;  see discussion of inputs ,  Appendix 
i D of L7clurne 11 i' 
PARAM(1, J) Parameters of c u r v e f i t  f o r  J t h  p r o f i l e  
sec t ion;  see discussion of outputs,  Appendix 
D of Volume I1 
PHI 
PI 
PLABL ( I ) 
PL@TS 
0.5 ( n  - ) T H E ~ A ~ - T ! I E T A ~ ~  ); see discussion of 
IC(IIND = 4 i n  Section A . l . l .  
3.14159265 
Argument of subroutine GRAPH (see below) 
Logicai cont ro l ,  .FALSE. value suppresses 
p l o t  output 
Argument of subroutine GRAPH (see below) 







S ~ A R R  (ISE-I) 
Throat rad ius  i n  centimeters 
Sin (THETA) i 
-1.0 f o r  L = 1,' +1.0 for L = 2 
0.0 for ISHAPE(J) = 1; -1.0 f o r  ISHAPE(J) 
= 2; +1.0 f o r  ZSHAPS(J) = 3 
Array containing S2 values for t h e  th ree  
shapes 
Angle o f < i n c l i n a t i o n  of a s t r a i g h t  sec t ion  
to t h e  nozzle a x i s  ( radians)  
For IC@J!iD = 4,  inc l ina t ion  angle of t h e  
adjacent sec t ion  c lose r  t o  the  t h r o a t  
For ICm = 4, inc l ina t ion  angle of  t h e  
adjacent  sec t ion  f a r t h e r  from t h e  t h r o a t  
TITLE (I) Title fo r -  p l o t s  ( ~ o l l e r i t h )  
Tan (THETA) - TTHETA 
X 
xc 
Axial coordinate (cm) 
X-coordinate of the  c i r c l e  cznter fo r  t h e  
adjacent sec t ion  nearer t h e  t h r o a t  
Axial coordinate (inches) 
R/sin(pBI); see  discussion of  IC@M, = 4 i n  
Section A . 1 . 1  
Lower l i m i t  of absc issa  i n  p l o t  w 
XSTART Lef t  l i m i t  on X f o r  ca lcula t ing  nozzle 
p r o f i l e  ( inch) 




J i :  
Axial coordinate of s t a r t  of boundary layer ,  
f o r  use ic NATA -(cm) i 
XZERfd expressed i n  i r ches  t ', 3 
Intermediate X values i n  ca lcula t ions  of 
parameters f o r  IC@ND = 2, 3, and 4 
P r o f i l e  ord ina te  (cm) 
Y-coordinate of t h e  c i r c l e  center  f o r  t h e  
adjacent  sec t ion  nearer t h e  t h r o a t  
P r o f i l e  ord ina te  {inches.) 
Lower l i m i t  on ord ina te  i n  p l o t  
Upper l i m i t  on o rd ina te  i n  plot  ? 
Intermedic-2e Y values i n  ca lcula t ions  of 
parameters f o r  IC@JD = 2, 3, and 4 
A.2.2 Subroutine FRAMEB 
Alphanumeric b in  number f o r  p l o t  ' en t i f ica-  .. 
t i o n  frame (Avco) 
Defined above (Main program) 
Defined above (Main program) 
Alphanumeric memo number f o r  p l o t  ident i -  
f i c a t i o n  (Avco) 
Alphanumeric submitter name f o r  p l o t  









A.2.3 Subrou t ine  GRAPH 
Array c o n t a i n i n g  48-charac ter  l a b e l  for 
abscissa s c a l e  
ICdRVE =pressed  a s  a f l o a t i n g - p o i n t  v a l u r  
Parameter  c o n t r o l l i n g  t h e  s p a c i n g  of grid 
l i n e s  on l i n e a r  s c a l e s ;  DC = 1 6  is a normal 
va lue .  The spac ing  i n c r e a s e s  or d e c r e a s e s  
w i t h  t h e  v a l u e  'of DC 
F l o a t i n g  d a t a  increment  a t  which 
v e r t i c a l  g r i d  l i n e s  a r e  d i s p l a y e d  
F'loatingC p o i n t  d a t a  i n c r e a o n t  a t  which 
h o r i z o n t a i  g r i d  l i n e s  are d i s p l a y e d  
  mount by which YL is decreased  and YU 
i n c r e a s e d  t o  a l low s p a c e  for numer ica l  
l a b e l s  of c u r v e s  
Dis tance  ( i n  r a s i c r  u n i t s )  between t h e  first 
two p o i n t s  of a curve  
J@ index  
Counter fcr t h e  number o f  c u r v e s  p l o t t e d  
on t h e  same frame. I f  t h i s  argument i s  set 
t o  ze.ro by t h e  c 5 l l i n g  program, a new 
parameter  l a b e l  :or a  new series of c u r v e s  
is  p r i n t e d  i n  t n c  margin; t h i s  f e a t u r e  is  
used o n l y  when t k i o  or more f a m i l i e s  of 
c u r v e s  a r e  to  be p l o t t e d  i n  tKe'same frame. 
I n t e r v a l  i n  r a s t e r  a n i t s  between t h e  
a b s c i s s a s  o f  t h e  f i r s t .  t w o  po inks  i n  a 
curve  
I n t e r v ~ l  i n  r a s t e r  u n i t s  between t h e  









r Error  i n d i c a t o r  i n  subrout ine-  DXDW . I 
( r e f e rences  3, 17); i f  a nonzero- value  o f  i d ! 3 ,-. IERR is zeturned,  gx i d  gene ra t i cn  is F . ,L- 
'-rnpossible w i t h  t h e  given upper and lower 4 
l i m i t s  cn X an3 Y 
Argument of subrout ine  GRIDlV ( r e f e rences  I L 3 
3, 17 ) .  Every 111th v e r t i c a l  l i n e  of t h e  :,% 3 g r i d  is  l a b e l l e d  wi th  a numerical value;  a + 
- 9 b 
nega t ive  11.1: fo-ce!; &lac ing  t h e  l a b e l s  2 
o u t s i d e  t h e  g r i d  $ ,, 
-** 
9 
For I = 1 and 2, loglO o f  t h e  l a r g e s t  .B. 
.$ i numerical va lue  t o  be p l o t t e d  on t h e  I A -  
absc i s sa  and o r a i n a t e ,  r e s p e c t i v z l y  3 
d i 
Logl0 of t h e  abso lu t e  magnitude o f  a para- $ . .  2 
.- m2ter value  (PITAL) 4 ,  
4 :  
3 Abscissa o f  t h e  l oca t ion  where a curve 
label is to  be p r i n t e d  (raster u n i t s )  - 1  
f A 
Ordinate  of the  l o c a t i o n  w h e ~ e  a ~ e r z x t e t e r  .- 3 3 
Z value is t o  be p r i n t e d  i n  t h e  margin ( r a s t e r  
 unit^ 1 3 i: 4 . . 
t g Ordinate  of the l o c a t i o n  w h e r e  a curve l a b e l  3 
is t o  be p r i n ~ e d  ( r a s t e r  unLts) + 9 
2 
C~rdina te  of the location. wnere a sample o f  j 
t h e  type of l i n e  used for a family  o f  $ 
curves  is arawn i n  t h e  margir, ( r a ~ t e r  u n i t s )  
* 




Cognter for thz total  numbei of curves  i 3 
p l a t t e d  i n  a given frame 3 
Argument o f  s u b r o u t i n e  G R I D l V  ( r e f e r e n c e s  
3, 1 7 ) .  Every JJiJ'th h o r i z o n t a l  l i n e  o f  t h e  
grid is  l a b s l l e d  w i t h  a  numer ica l  va lue;  a 
n e g a t i v e  JJJ forces p l a c i n g  t h e  l a b e l s  
o u t s i d e  t h e  g r i d  
LINE(I) ConLroi pa ramete r s  ~ C T  l i n e s  j o i n i n g  d a t a  
p o i n t s ,  d e f i n e d  as fo l lows:  
LINE ( 1 ) 0 Do n o t  j o i n  p o i n t s  w i t h  l i n e s  
1 J o i n  p o i n t s  w i t h  con t inuous  l i n e s  
2 J o i n  p o i n t s  w i t h  dashed l i n e s  
3 J o i n  p o i n t s  w i t h  s t r i n ~ s  of characters 
LINE (2 )  Number of s t r i k e s  .for l i n e ;  u s e  2 f o r  d a r k  
l i n e s  
LINE ( 3) Ignored i f  LINE(1) i s  0 or 1 
Length o f  dashes  i n  rnm if LINE(1) = 2 
Index o f  c h a r a c t e r  i n  POINTV r a b l e  i f  
LI-m(1) = 3 (see Procedures  Manual, 
Computation and Ana lys i s  ~ i v i s i o n ,  MSC, 
p. 5.c.7.5.1.127) 
(Use LINZ(3) = 0 w i t h  LINE(1) = 3 to  
produce d o t t e d  l i n e s )  
C o n t r o l  parameter  f o r  l a b e l l i n g  o f  curves :  
LL = 0 Suppress  l a b e l l i n g  o f  c u r v e s  and 
p r i n t i n g  o f  parameter  v a l u e s  i n  
t a b l s  a t  r i g h t  o f  grid 
LL = 1 P r i n t  parameter  v a l u e s  and p l o t  
' symbols b u t  do not l a b e l  cu rves  
LL = 2 Labe l  cu rves  and p r i n t  parameter  
v a l u e s  and p l o t  symbols 1 
1 
i Argument of s u b r o u t i n e  SMXn7 ( r e f e r e n c e s  3, 
1 7 )  ; 0 sets l i n e a r  m0d.e f o r  a b s c i s s a ,  i 
rlanze.ro l o g  mode 
NCHAR 
Argument of subroutine SYjCYV (references 3, 
17);  0 s e t s  l i n e a r  mode f o r  ord ina te ,  
nonzero log mode 
3 Argument of scbroutirie GRID~V (references 3, f 
17).  Ev'ery flIMth hor izonta l  g r i d  l i n e  is I 
re t raced  2or:emphasis 3 t
f 
For I = 1 and 2,  con t ro l  parameters f o r  
p l o t t i n g  points: : 
3 N C ( 1 )  < 0 Use standard t a b l e  of 10 char- 
a c t e r s  f o r  p l o t t i n g  poin ts ,  a 4 3
new charac ter  f o r  each successive I-# 
c c a l l  t o  GRAPH f o r  t h e  same family I 3 
of curves i n  t h e  same frame (see # 
- 
subroutine PfiINTB) f :? 
;; 
N C ( 1 )  = 0 Supress . p l c t t i n g  of po in t s  * 8 
f 
NC(1) > 0 Use t h e  NC(1)th character  i n  t h e  f 
s tandard t a b l e  (see P@INTB) 3 P
f 
NC(2) Number of s t r i k e s  f o r  each symbol 3 
plot ted ;  use 1 for  l i g h t  charact-  i 
ers, 2 f o r  dark 
.r 1 g 
Argument of subroutine LABLV (see references f 
3, 17) ; number of  charac ters  t o  be displayed, i 
including leading blanks and the  decimal 2 
point ,  i f  any 5 i 1 
Argument of subroutine LABLV (see references 
3, 17) : naximum number of charac ters  t o  be 





. ~ I R D L ( I )  
PLABL (I, J) 
C o n t r o l  parameter  f o r  frame advance: 
NF = 0 P l o t  d a t a  on same frame 
N F  = 1 S t a r t  a new frame, e s t a b l i s h  a grid, 
and p l o t  t h e  d a t c  on t h e  new irame 
Argument of s u b r o u t i n e  RITE2V ( r e f e r e n c e s  
3, 17)  ; n o t  used i n  GRAPH 
Arsument o f  s u b r o u t i n e  G R I D l V  ( r e f e r e n c e s  
3, 1 7 ) .  Every NNNth v e r t i c a l  g r i d  l i n e  is  
r e t r a c e d  f o r  emphasis 
N u m b e r  o f  d a t a  p o i n t s  to  be p l o t t e d  
Counter f o r  f a m i l i e s  c f  ccrq.7es p l o t t e d  i n  
t h e  same frame 
Index o f  p o i n t  symbol i n  s t a n d a r d  t a b l e  
(see PgINTB) 
Abscissa  o f  f i r s t  p o f n t  i n  raster coordi -  
n a t e s  
Argument o f  s u b r o u t i n e  DXDW ( r e f e r e n c e s  
3, 171.; n o t  used i n  GFAPH 
For I = 1 and 2, t h ?  number of  c h a r a c t e r s  
t o  be d i s p l a y e d  i n  t h e  l a b e l s  of v e r t i c a l  
and hor j -zonta l  g r i d  l i n e s ;  arguments o f  
s u b r o u t i n e  G R I 3 1 V  ( r e f e r e n c e s  3, 1 7 )  
O r d i n a t e  o f  f i r s t  p o i n t  i n  r a s t e r  coordi -  
n a t e s  
Argument o f  s u b r o u t i n e  DXDW ( r e f e r e n c e s  
3, 1 7 ) ;  n o t  used i n  GRAPH 
Alphanumeric l a b e l  f o r  o r d i n a t e  
For J = 1, 2, a two- l ine  alphanumeric l a b e l  
f o r  t h e  parameter  
PVAL Parameter value 
Alphanumeric t i t l e  
Array containing t h e  a b ~ ~ i s s a s  of t h e  da ta  
po in t s  . 
Lower l i m i t ' o n  X f o r  a l l  da ta  t o  be p lo t t ed  
i n  a given fraine 
Upper l i m i t  on x Cor a l l  da ta  t o  be p lo t t ed  
i n  a given frame , 
For I = 1 o r  2, t h e  l a r g e s t  absolute  mag- 
nitude abscissa o r  ord ina te  value t o  be 
p l o t t e d c i n  a given franle 
Array containing the  o rd ina tes  of t h e  da ta  
poin ts  
= .  
Lower l i m i t  on Y f o r  a l l  da ta  t o  be p l o t t e d  
i n  a given frame 
Upper l i m i t  on Y f o r  a l l  da ta  t o  be p lo t t ed  
i n  a given frame 
A.2.4 Subroutine LINEB 
Cosine of the  angle between the  vector t o  
be drawn and t h e  pos i t ive  X-axis 
Twice the  dash length i n  r a s t e r  u n i t s  DEL 
Distance between the  beginning and end of 




Dash length i n  r a s t e r  u n i t s  1 
i 
Df8 index over the  dashed o r  p l o t  symbols 
used t o  draw the  vector 
IDARK Number of times l i n e s  o r  symbols a r e  drawn 
J 
LINE 
LLINE ( I )  
J 
L 
I D X  Increment  i:1 t h e  a b s c i s s a  f o r  a dash  
( r a s t e r  u n i t s )  
IDY Increment  i n  t h e  o r d i n a t e , f o r  a d a s h  
( r a s t e r  u n i t s )  . 
IPAR Length of dashes  i n  m i l l i m e t e r s  f o r  LINE = 
2; i n t e g e r  (NS) f o r  s e l e c t i n g  t h e  p l o t  
symbol from the t a b l e  i n  s u b r o u t i n e  P~~INTV 
.. ( r e f e r e n c e s  3 , :  1 7 )  for LINE = 3 
* 
~g index  for d o u b l e - s t r i k e  p l o t t i n g  to C 
I o b t a i n  d a r k  l i n e s  o r  symbols 
< 
C o n t r o l  parameter  f o r  t y p e  of l i n e :  .. 
i 
LINE = 1 Continuous l i n e  
. - LINE = 2 Dashed l i n e  
LIKE = 3 S t r i n g  of Charac t ron  symbols 
LLINE(1) = LINE 
, . LLINE ( 2 )  = IDARK 
LLINE ( 3) = IPAR 
. M X ~  Abscissa  o f  t h e  s t a r t  p o i n t  i n  raster u n i t s  
3 
MX2 Abscissa  o f  t h e  end p o i n t  i n  r a s t e r  u n i t s  I I 
Ordina te  of t h e  s t a r t  p o i n t  i n  r a s t e r  u n i t s  
Ord ina te  of t h e  end p o i n t  i n  r a s t e r  u n i t s  
Number o f  dashes  i n  v e c t o r  
Abscissa  o f  t h e  s t a r t  p o i n t  i n  raster u n i t s  
f 
i NX2 Abscissa  o f  t h e  end p o i n t  i n  r a s t e r  u n i t s  
i .  NY1 Ordina te  o f  the s ta r t  p o i n t  i n  raster u n i t s  
I 
NY2 Ordina te  of  t h e  end p o i n t  i n  raster u n i t s  i 
4 
RASTER Logical ind ica to r ,  .TRUE. f o r  en t ry  through 
LINEBR, .FALSE. f o r  en t ry  through LINEB 
Sine of t h e  angle between. t h e  vector  t o  be 
drawn and the  p o s i t i v e  X-axis 
SINA 
Square of t h e  d i s t ance  between t h e  s t a r t  
and end po in t s  of the  vector.  ( r a s t e r  u n i t s )  
Float ing poin t  value of NX1 
Float ing poin t  value of NY1 
Abscissa of the  s t a r t  poin t  
Abscissa of the  end poin t  
Ordinate of t h e  s t a r t  poin t  
Ordinate o f  t h e  end po in t  
A.2.5 Subroutine PeINTB 
Array of charac ters  f o r  p l o t t i n g  poin ts  
Argument of RITE2V con t ro l l ing  darkness of 
p lo t t ed  symbol (see references 3, 17) 
~ b s c i s s a  of loca t ion  where po in t  is p lo t t ed  
( r a s t e r  coordinate) 
Ordinate of loca t ion  where poin t  is  p l o t t e d  
( r a s t e r  toordina t e )  I I .: 
1 
Argument of RITEZV cont ro l l ing  o r i e n t a t i o n  
of p lo t t ed  symbol; used t o  present  each of 
the  symbols "H" , " C " ,  and "Y" i n  two 
1 .  
or ien ta t ions  
d 
f 1 
NLAST Argument of RITE2V (references 3, 1 7 )  ; not  
used i n  PPINTB 
NSlMBL Index used to select p l o t t i n g  symbol from 
CEIAR array 
A.  3 L is t inq  of Nji5ZFIT 
~ r e s e n t e d  below are  sourck program l i s t i n g s  for the  
main program of ~ $ 3 2 ~ 1 ~ ;  and for subroutines F&B, 
GRAPH, LINEB, and PgINTB. *Lis t ings  are  provided for  both 
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